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Abstract 
This thesis details the experimental work carried out during a three year 
project commissioned by UK-Nirex. The main objective of the project was 
further developing the software package STAB, a programme produced at 
Loughborough University for predicting stability constants. 
It is intended that the software will be able to predict stability constants for 
complexes likely to be formed in a cementitious repository for intermediate 
and low level nuclear waste. Cellulosic materials in the waste in such 
repositories are likely to be degraded into potentialligands such as 
isosaccharinic acid. Thus, there is a need for knowledge of the complexes 
that they may form with radionuclides in the waste. 
The sodium and calcium salts of isosaccharinic acid have been prepared, 
purified and characterised for use in complex formation and stability constant 
measurements. The complexation of various metal cations Cd(II), Ce(III), 
Co(II), Eu(III), Ho(III), Fe(II), Fe(III), Ni(II), U(IV) and U(VI) with gluconic acid 
(GI) and a-isosaccharinic acid (ISA) have been investigated from pH 3 to pH 
13.5. Measurements have been made ofthe stoichiometries of the products 
of these reactions, using UVNis spectroscopy, conductometric titrations and 
potentiometry . 
The stability constants for the formation of the soluble complexes were 
measured using an ion exchange resin method (Schubert method), a method 
based on the solubility product, and differential pulse polarography. The 
importance of determining the stoichiometry of the reactions before 
calculating the stability constants from measurements taken using the 
Schubert method is emphasised. New algebraic methods for interpreting the 
data have been developed and used. The metal-ligand binding has been 
studied using NMR spectroscopy. Acid dissociation constants have been 
measured by potentiometric titration for some of the complexes formed. 
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1.0 Introduction 
The computer package (STAB) [1], written in Visual Basic, has been 
developed at Loughborough University to predict stability constants for metal 
ligand complexes. The package is designed to supplement difficult 
experimental determinations. This thesis concerns the experimental work . 
done, during a three year UK-NIREX-sponsored project to improve and widen 
the scope of STAB, by producing data required for other stability constants to 
be predicted for use in the performance assessment of a deep-underground 
nuclear waste repository. 
1.1 Schedule 
The schedule for this project was as follows; 
1.1.1 Literature Review 
• On the complexation of radionuclides relevant to Nirex. This was 
completed in year one. 
1.1.2 Experimental 
• Measure stability constants to test predictions made using STAB, e.g. 
for ISA; 
• To elucidate the stoichiometry of complexes, e.g. Mz(ISA).{OH)y, to 
enable valid stability constant predictions to be made, as STAB can 
currently only be used for complexes with specified stoichiometries. 
This is presented in this thesis. 
1.2 The Computer Programme STAB 
The behaviour of metals in the environment is strongly influenced by their 
speciation, i.e. the chemical forms they adopt and their proportions. 
Knowledge of speciation leads to an understanding of diverse phenomena 
such as mobility, bioavailability and toxicity [2]. Equilibrium computer models 
are often used to determine speciation, e.g. PHREEQEV [3], MINTEQA2 [4] 
and CHESS [5]. The required inputs are the elemental composition of the 
18 
system under consideration, and the stability constants (13 values) of the 
complexes that may form. 
Unfortunately, many of the required constants are not available, even for 
common ligands such as carbonate, phosphate and humic acid, etc. 
Furthermore, the existing databases require continual updating as ever 
increasing numbers of household, industrial and agricultural compounds, with 
ligand properties, enter the environment. This produces a need for predicting 
stability constants quickly and reliably, hence the need for computer software 
to do this. Three different approaches are used within the software, Linear 
Free Energy Relationships (LFER), the Brown Silva Ellis equations (BSE) [6] 
and Hancock equations [7]. Details of these can be found in the first year 
report on this project [8]. 
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2 Literature Survey 
2.1 The Disposal Concept 
In the UK, one option for the management of intermediate-level radioactive 
waste (ILW) involves, initially, storage in a deep underground repository for a 
period of time before a decision is made either to retrieve the waste, or to 
permanently dispose of it by backfilling the repository with UK Nirex 
Reference Vault Backfill (NRVB) before final closure. This concept involves 
multi-barrier containment, with three elements: 
• Physical containment by the waste packages; 
• Chemical conditioning provided by the cement-based backfill material 
and waste encapsulant; 
• Geological isolation using deep underground disposal vaults. 
Physical 
Containment 
ILW+LLW 
.. _-
---
.LW' tm...t 
lAeeata ..... 
.. --
Geologkal 
Isolation 
C ...... lcal 
Conditioning 
iJ AIblI-.;1_ Geological Containmeat . '-- ...... .... 
• ,.,.... ... WR9" 
Figure 1. UK Nirex Multi-Barrier Containment System [9]. 
NRVB is a mixture of calcium hydroxide, ordinary Portland cement, limestone 
flour and water [9]. This backfill will provide a high pH environment for at 
least one million years and abundant surfaces for sorption due to high 
porosity. Its low strength facilitates the retrievability of the waste [9]. The 
alkalinity greatly reduces the solubility of many inorganic toxic or hazardous 
species, and inhibits most microbiological processes. 
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After closure, the repository will become saturated with groundwater and 
highly alkaline pore water would develop, with an initial pH of around 13.4. 
The pH would decrease to 12.5 [9) as the groundwater flow dissolves, and 
subsequently removes, sodium and potassium hydroxides. Once the initial 
pore water has been replaced by ingressing groundwater, calcium hydroxide 
and calcium silicate hydrate (CSH) gels will dominate the chemistry. The 
mobilities of some radionuclides would be reduced because they exhibit 
limited solubility in highly alkaline cement pore water due to precipitation of 
oxides and hydroxides, and they would also sorb to cementitious surfaces. 
Also contained within the repository are many organic ligands, which are 
either inherent components of the waste, or the result of the degradation of 
other species, particularly cellulose. 
Long-lived radioactive wastes will generally require packaging for storage, 
transport and disposal purposes. The specification of the packaging, and of 
the other man-made components of a repository, can ensure that the 'near-
field' system can be very effective in controlling the return of waste 
radionuclides to the biosphere. It is intended that they will be buried at 
depths of hundreds of metres to reduce risks from (in)advertent intrusion or 
re-exposure by geological processes. The only credible risk remaining would 
be the contamination of aquifers, or surface water, by radionuclides leached 
out of the repository. 
The solubility of radionuclides in groundwater will be affected by the near-field 
temperature, pH, Eh and water flow, and by the surface area and chemical 
stability of the waste form. It will also depend upon the chemical nature and 
the surface area of the backfill material. The concentrations of radionuclides 
in solution are controlled by the breakdown of the waste form, and the 
precipitation of phases that may be formed by reactions with the other near-
field components. 
It is possible that the container will control the release rates for long periods. 
However, it would be wrong to judge waste forms on this factor alone. The 
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solubility limit, taking into account the other materials in the near-field, must 
also be considered. The roles of the container and the solubility limits 
become clear when the significant waste radionuclides are divided into two 
groups according to half-life. 
Table 1 [10] lists the estimated solubilities, under alkaline reducing conditions, 
of all the radionuclides that could contribute significantly to the aqueous 
radioactivity of wastes. Short-lived daughter products are not listed here. 
Those radionuclides with half-lives of less than 30 years (group A) can 
reasonably be kept out of contact with groundwater, by using a suitable 
container. The movement of those with half-lives greater than 30 years 
(group B) can be controlled by their inherent insolubility. Examination of 
group B reveals that there are three long-lived radionuclides e26Ra, 14C, and 
136CS) with appreciable solubilities, but their danger to mankind is greatly 
reduced because of their low specific activities in wastes and, for 14C, by 
isotopic dilution with stable isotopes. There may be some complications with 
other radionuclides, especially anions e.g. 1291. 
A further important feature of the near-field that will affect the concentrations 
of the group B radionuclides in solution, is the extensive surface area 
provided by the cement and by any clay minerals that may also be used as a 
backfill. It is probable that adsorption of species such as PU(OH)4, Am(OHh 
and HNiO£ on these surfaces will reduce their equilibrium solubilities far 
below those shown in table 1. 
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Table 1. The Half-Lives and Estimated Solubilities of Significant Waste 
Radionuclides [10]. 
Radionuclide 
Group A 
OVCo 
.0Sr 
''''Cs 
"'Cs 
"'Pu 
Group B 
;"·Pu 
<4°pu 
24'Am 
'!>'Np 
23"Th 
14C 
··Ni 
-"re 
'£·Sn 
'""I 
"·Cs 
'·'Sm 
Half 
Life 
(Years) 
12 
5.3 
29 
2.1 
30 
18 
14 
88 
24000 
6600 
380000 
430 
7400 
160000 
240000 
7.0 x 10· 
2.3 X 10' 
4.5 x 10" 
2.1x10· 
7300 
75000 
1.4x10'v 
33000 
1600 
5700 
75000 
100 
65000 
1.5x10' 
210000 
100000 
1.6 X 10' 
2.0 x 10· 
90 
Solubility' 
(mol dm·') 
high 
3 x 10-· 
3 x 10-· 
high 
high 
10-'° 
10-'° 
10-'0 
10-'0 
10-'0 
3 x 10-'0 
3x 10·'v 
3 x 10--
3 x 10-· 
3 x 10-· 
3 x 10-· 
3 x 10-· 
3 x 10-· 
3 X 10.9 
3 X 10.9 
3 x 10--
Probably low 
6 x 10-· 
6 x 10-· 
5 X 10-'2 
10-
7 x 10·'v 
10" 
high 
Solid Phase 
Co(OH), 
srCo3 
Cm(OHh 
PU02 (hydrated) 
PU02 (hydrated) 
PU02 (hydrated) 
PU02 (hydrated) 
PU02 (hydrated) 
Am(OHh 
AmlOH13 
U02 (hydrated) 
Uo, (hydrated) 
U02 (hydrated) 
U02 (hydrated) 
U02 (hydrated) 
Np02 (hydrated) 
Th02 (hydrated) 
Th02 (hydrated) 
Th02 (hydrated) 
RaC03 
CaC03 
Ni(OH), 
Ni(OH), 
Se 
zr02 (hydrated) 
TcO(OH), 
Sn02 
Agl 
Sm(OHh 
Solution 
Species 
H20 
HCoOi 
Sr' 
Cs' 
Cs' 
Cm(OHh 
Pu(OH). 
Pu(OH). 
Pu OH. 
Pu OH. 
Pu OH. 
Am(OH};,C03-
Am(OHhC03-
U(OH). 
U(OH). 
U(OH). 
U(OH). 
U(OH. 
Np(OH. 
Th(OH. 
Th(OH. 
Th.(OH. 
C03<· 
HNiOi 
HNiOi 
HZr03-
TeO(OHh 
SnO{· 
r 
Cs' 
Sm(OHh 
'Element solubility in water at 20 C, pH 11, Eh = -0.5 V, [C03] = 10.5 mol dm-3, equivalent to 
aged cement in which oxygen potential is buffered by Fe2'/Fe3+ 
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2.2 Factors Controlling the Solubility of Radionuclides 
A clear understanding of the factors controlling the aqueous solubility of 
radionuclides in the near field of an intermediate nuclear waste repository is 
essential for accurate risk assessment. 
Aqueous solubility depends on the properties of the solid compound 
containing the radionuclide and on the Eh and pH of the water. In the solid, 
the radionuclide may be present as a macro- or micro-component, and the 
solubility may vary considerably with composition, i.e. the degree of 
crystallinity. Complexing agents have a significant influence on solubility, as 
can the effects of radiation. The total aqueous concentration of each element 
will consist of both radioactive and non-radioactive species. 
The migration of radionuclides through the geosphere depends on their 
speciation which depends, itself, on many parameters. These include: 
• The oxidation state of the radionuclide; 
• The speciation and concentration of the ions and complexing ligands 
present in the groundwater; 
• pH; 
• Eh; 
• Temperature; 
• The host rock [11]. 
2.3 Reactions of Radionuclides with the Components 
of Natural Waters 
The speciation of radionuclides is largely determined by interaction with 
components of natural waters. Natural waters contain a great variety of 
substances, such as: 
24 
• Dissolved gases, e.g. oxygen and carbon dioxide, which influence the 
redox potential and the pH of the water; 
• Salts, e.g. NaCI and NaHC03 which affect pH and complexation, and 
are responsible for the ionic strength; 
• Inorganic colloids, like polysilicic acid, iron oxides and hydroxides and 
finely dispersed clay minerals. 
• Organic compounds of low molecular mass, such as acids, amines, 
amino acids and other metabolites; 
• Compounds of high molecular mass, such as humic and fulvic acids, 
and colloids formed by these substances, or by other degradation 
products of organic matter; 
• Suspended coarse particles of organic matter; 
• Micro-organisms. 
Even though many of the components listed above may be present as micro-
components, their concentration can be many orders of magnitude higher 
than that of the radionuclides in question, and therefore cannot be neglected. 
2.3.1 Redox Potential and pH 
The redox potential influences the behaviour of many radionuclides. In this 
context, the concentrations of oxygen and hydrogen sulphide are significant. 
The presence of oxygen in natural waters is due to the access of air, whereas 
that of hydrogen sulphide may be due to weathering of minerals, or to 
decomposition of organic compounds. The redox potential is of special 
importance for the behaviour of iodine, uranium, neptunium, plutonium, and 
technetium, amongst others. 
Elemental iodine is volatile and reacts with organic compounds, in contrast to 
its anions. Uranium(lV) is only slightly soluble in water, in contrast to 
uranium(VI). The most important feature of neptunium in water is the stability 
of Np(V) in the form of Np02 +. In this respect neptunium differs markedly from 
the neighbouring elements uranium and plutonium. Under reducing 
conditions Np(lV) is stable and resembles U(IV) and Pu(IV). The chemical 
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form of technetium also depends on the Eh. Under anaerobic conditions, the 
stable oxidation state is +4 (Tc02, TcO(OHh), but under aerobic conditions 
technetium is easily oxidised to Tc04- which shows very different behaviour 
[12]. In the presence of hydrogen sulphide, sparingly soluble sulphides may 
be formed with elements such as lead, antimony, bismuth, silver, cadmium, 
molybdenum, technetium, iron, cobalt and nickel. 
In natural waters, pH varies between about 6 and 8 and influences the 
chemical behaviour of elements that are sensitive to hydrolysis, i.e. virtually all 
metals. The tendency of the actinides to hydrolyse increases in the order 
M0 2+ < M3+ < MO/+ < M4+. 
2.3.2 Inorganic Salts 
Inorganic salts affect the behaviour of radionuclides in natural waters in 
various ways. At high ionic strength, formation of colloids is hindered and 
colloids already present may be coagulated. Further, dissolved salts 
influence pH, hydrolysis and complexation. They may act as buffers, e.g. in 
seawater, where pH is kept constant at about 8.2 by the presence of NaHC03 
[13]. Anions in natural waters form ion pairs and stable complexes with 
cationic radionuclides and affect solubility, colloid formation and sorption 
behaviour. Mobility may be enhanced by complexation, e.g. chloride ions are 
weak complexing agents, but they are able to substitute OH- ions in hydroxo 
complexes and to suppress hydrolysis. Hydrogen carbonate ions are also 
found in significant quantities in natural waters and form fairly stable 
carbonate and hydrogen carbonate complexes, e.g. with uol+ ions. The 
carbonate complexes of the lanthanides and the actinides are more stable 
than the complexes formed with sulphate and fluoride and may stabilise some 
oxidation states. 
2.3.3 Organic Compounds of Low Molecular Mass 
Compounds of low molecular mass may be of natural origin (e.g. metabolites, 
such as organic acids, amines or amino acids) or anthropogenic (e.g. 
detergents and decontaminating agents). Many of these organic compounds 
are strong complexing agents and very soluble in water. They are able to 
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form stable complexes with elements of groups Ill, IV, V, and in particular with 
transition elements (groups 1A to VillA). 
2.3.4 Actinide Complexes with Organic Compounds in 
Groundwaters 
Although organic compounds found in natural waters, soils, etc., have a large 
variety of functional groups which can complex metal ions, the situation is 
relatively simple for actinides. These cations are hard acids in the Ill, IV, V 
and VI oxidation states in which they exist in environmental systems [14]. 
Consequently, they have a strong preference for carboxylate groups and so 
carbonyl, ether, alcohol, phenol and amine groups do not replace the 
hydration sphere in most cases, especially at such high pH values as may be 
found in a repository. 
2.3.5 Precipitation and Coprecipitation 
If a certain supersaturation of a component is reached, precipitation occurs, 
starting with nucleation and crystal growth. Supersaturation may be caused 
by the entry of those species into the system that form sparingly soluble 
compounds with the components already present, by change of pH or 
temperature, by redox reactions, by the loss of volatile components, like 
carbon dioxide, by a shift of complexation equilibria or by evaporation of 
water. Examples often observed in natural waters are the precipitation of 
CaC03 due to the loss of carbon dioxide and the shift of the equilibrium 
between CaC03 and Ca(HC03h, and the precipitation of Fe(lIl) hydroxide due 
to the oxidation of Fe(lI) by air. Less common examples are precipitation of 
sparingly soluble sulphides due to the reaction of group VillA elements with 
hydrogen sulphide or precipitation of U(IV) hydroxide by reduction of uol+ 
ions. Depending on the conditions and the properties of the compounds, the 
process of precipitation may stop at an intermediate stage with the formation 
of a colloid. 
If low concentrations of radionuclides are considered, coprecipitation is, in 
general, the most important process. Two mechanisms of coprecipitation of 
radionuclides have been proposed by Hahn [151, isomorphous substitution or 
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adsorption. In the first case solid solutions (mixed crystals) are formed in 
which the micro-components replace the macro-component in its normal 
lattice by co-crystallisation. In the second case, the micro-components are 
incorporated as impurities during formation of amorphous precipitates or 
crystal growth. They may be released again, at least partly, in the course of 
recrystallisation or ageing. 
2.3.6 Radiolysis 
Radiation damage, particularly from a-particles, can cause structural changes 
during the storage of waste drums. More important to disposal, however, is 
the radiolysis of water in the cement grout, because this could result in a rise 
in redox potential if hydrogen escaped preferentially from the system. At 
present it is thought that the oxygen accumulation within that part of the 
cement most exposed to radiation would not exceed a few tenths of a 
milliequivalent per gram of solid, having absorbed a dose of 101 Gy. This 
level would allow effective buffering of Eh by the presence of Fe2+. Since the 
fate of hydrogen in the near-field is uncertain, and some recombination may 
occur, this example may represent the worst case. 
2.3.7 Other Components of the Waste 
The presence of organic materials such as cellulose, solvents and plastics 
can affect container life and the solubility of long-lived waste radionuclides. 
The production of soluble ligands, either by radiolysis or microbiological 
degradation of these materials could increase the solubility of, for example, 
plutonium in the near-field groundwater. Corrosive metabolic products of 
microbial grout might also influence the rate of container corrosion. 
2.4 Contents of the Repository 
The UK NIREX repository may contain: 
• Nirex Reference Vault Backfill (NRVB); 
• The Waste Container; 
• Groundwater; 
• Radionuclides; 
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• Waste 
• Bitumen 
2.4.1 Nirex Reference Vault Bac/cfil/ (NRVB) 
NRVB is a mixture of calcium hydroxide, ordinary Portland cement (OPC), 
limestone and water [16]. These substances are used because they are 
inexpensive, have an extensively documented history of use, and draw upon 
readily-accessible technology. After hydration in the repository the principal 
mineralogical components will be: 
• Sodium and potassium hydroxides; 
• Calcium hydroxide; 
• Calcium silicate hydrate (CSH) gels; 
• Calcium carbonate; 
• Hydrated calcium aluminates [16]. 
Once the initial pore water has been replaced by ingressing groundwater, 
calcium hydroxide and CSH gels will dominate the chemistry. 
2.4.2 Calcium Hydroxide (Lime) 
Calcium hydroxide is slightly soluble in water (ca. 1.2 g dm-3 at 18 C) and 
produces a pH of about 12.5. In the presence of moisture and carbon 
dioxide, lime will re-carbonate slowly to form calcium carbonate. 
2.4.3 Portland Cement 
Mineralogically, Portland cement clinker consists of four principal phases. 
These have idealised compositions close to Ca3Si03. Ca2Si04, CaJAI20s and 
Ca2(AI,Fe)Os. Free lime, CaO, usually comprises less than 3% of the clinker. 
Modem clinkers contain 40-60% Ca3SiOs and so the resulting finely-ground 
product reacts rapidly with water and stiffens. In order to allow a period of 
plasticity for mixing, transportation and handling, several weight percent (wt 
%) gypsum, CaS04.2H20, is normally ground with the clinker. This retards 
the initial setting for several hours. 
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The use of cement will bring with it pore water which is the excess water not 
required for hydration. Although cements may contain relatively little Na20 
and K20, perhaps only 0.5-1.0 wt %, the alkali concentrates in the pore water. 
As a result the pore fluid pH frequently exceeds that of saturated Ca(OHh 
reaching 13 to 14. The exact value depends on alkali content, the 
water/cement ratio and the content of added alkali in activators, mix water and 
waste, and also the presence of soluble waste components. The most 
immediate consequence of the very high internal pH is that the high hydroxyl 
concentration suppresses the solubility of calcium. However, solid Ca(OHh 
and other lime-rich solids combine with waste components and remain to 
buffer the pH, if the other alkalis are leached. 
Another aspect of cement behaviour is the oxidation-reduction potential it 
produces in the aqueous phase, and hence waste components. Portland 
cements are normally produced under oxidising conditions, thus most of their 
iron content is present as Fe(III). Not surprisingly, therefore, its associated 
pore fluids are slightly oxidising, having potentials relative to a standard 
hydrogen electrode of up to +200 mV [17]. However, both lime-based and 
Portland cements lack any active redox couples, so the Eh is readily affected 
by the presence of active redox couples. 
This can cause the cement chemistry of individual elements to be complex. 
For example, uranium(VI) appears to persist over a wide range of redox 
conditions. In silica-poor mixes, a hydrous version of CaU04 appears to be 
the solubility-limiting phase. However, in the presence of silica, complex 
calcium uranium silicates form. At least one of these phases is isostructural 
with the mineral uranophane, and others may also have natural analogues. 
These calcium uranium silicates form slowly so, experimentally, U(VI) 
solubilities in cement conditioned solutions continue to decline over several 
years as the silicate-containing phases develop. After two years, U(VI) 
solubilities in mixes containing CSH are of the order of 10·g mol dm·3 [17]. 
Uranium also has a (IV) state which may be stable in cements. 
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2.4.3.1 Ageing and Environmentally-Conditioned Reactions of 
Cement 
Once wastes have been cement-conditioned and disposed of, usually into the 
natural environment, further reactions may occur. Two types of reaction 
between cement-conditioned waste and their disposal environment may 
occur, one characterised by closed system behaviour and the other, by open 
system behaviour. In reality the situation may approximate closely to closed 
system behaviour over long periods, hydrated calcium silicates have been 
observed to persist for more than one million years. 
The cement matrix may, however, react with waste constituents. 
Degradation of organic materials could lead to the formation of carbon dioxide 
(or carbonate). The consequential reaction, carbonation of the cement, leads 
to a reduction in pH and the potential resolubilisation of waste species. 
Generation of "inert" gases, e.g. methane, hydrogen, oxygen, etc. could lead 
to cracking and physical deterioration of the matrix. These mechanisms have 
been suggested but there is little hard evidence that they will be important in 
practice. One reason for the formation of carbon dioxide and methane is 
microbial action on organic wastes. The importance of gas generation from 
the decomposition of organic components is, by and large, unresolved. 
Moreover, many hazardous species form sparingly soluble carbonates. 
The most important reactions encountered in open systems are with 
groundwater and its components. Straightforward leaching by initially pure 
water remains a possibility, although in practice, even low levels of dissolved 
matter present in groundwater are likely to prove important. Sensitivity 
studies show that the important groundwater components are Na+, Ca2+, Mg2+ 
and chloride, carbonate, and sulphate. Given the complexity of the system, 
empirical studies of the impact of groundwater have tended to be site specific. 
This is especially so as groundwater constituents, especially anions, may also 
affect waste constituent solubilities by complexation. Much empirical 
experience can be applied to predict the general reaction(s) and 
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consequence(s) of specific groundwater components. Table 2 gives selected 
examples. 
Table 2. Reactions of Groundwater Components with Cement [17]. 
Ion Characteristic Reaction with Cement 
Na+, K+, CaL + Very slight 
MgL+ Replaces Ca in Ca(OHh. C-S·H. etc. with decrease in pH 
Cl' 
Partially replaces OH' in cement phases. 
Consequences slight at low Cl' concentrations 
SO/' Increases stability of solid sulphates. Reaction may be expansive 
C03" Converts cement phases to CaC03 with decrease in pH 
OrganiC complexants may also influence the resolubilisation of waste species. 
Relatively little systematic work has been done on the subject. Table 3 shows 
a few examples. 
Table 3. Reactions Between Cement and Selected Organics [17]. 
Type of Organic Reaction with Cement 
High Mol. Wt. soluble dispersible Hydrolysis of functional groups and 
polymers, e.g. plasticizers irreversible precipitation 
High Mol. Wt. insoluble polymers, Possible development of lower molecular 
e.g. cellulose weight soluble products. Products variable 
depending oil presence or absence of 
oxygen 
Microbiological degradation of Possible production of CO2• CH, (reducing 
natural and synthetic polymers, etc. conditions) or organic acids (oxidising 
conditions) 
Low molecular weight complexants, Probably destroyed or precipitated, with 
e.g. citric acid, oxalic acid, EDTA solubility controls, at high cement pH 
Many organics are precipitated in the cement environment, e.g. oxalate as its 
calcium salt, so high aqueous concentrations cannot be realistically achieved. 
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Others, e.g. citrate, are destroyed. The long term consequences of carbon 
dioxide production and of cellulose degradation products, still needs to be 
assessed with respect to its impact on heavy metal stabilisation and 
solubilisation mechanisms, but straightforward reduction of cement pH 
appears to be the most immediate problem. 
2.4.4 Packaging 
Physical containment of the waste is expected to be mainly by stainless steel. 
Its main purpose is to provide a low Eh environment after corrosion for at least 
one million years [16]. The waste container will ensure that groundwater 
does not reach the waste until the more soluble group A radionuclides have 
substantially decayed. After that, the container has no essential role as a 
physical barrier. The discussion below is therefore concerned only with its 
performance over that relatively short time, which will depend upon the 
radionuclide content of the particular waste, but will not normally exceed 
about 500 years. 
The rate of general corrosion of carbon steel under the alkaline and reducing 
conditions of a cement-grouted deep repository would be limited by the rate of 
the cathode reactions, oxygen reduction, or the much slower water reduction 
reaction, so the rate of introduction of oxygen from the surrounding 
groundwater is very important. If the pH is maintained above 10 by the 
buffering action of cement, and oxygen transport is limited by diffusion in the 
cement, then the general corrosion rate would be limited to a few micrometres 
per year at 25 C. In practice, allowance would also be made for possible 
pitting corrosion due to chloride and sulphate ions so that a 300-year lifetime 
container might be specified to have a wall thickness of around 30 mm. 
Internal corrosion, either of a general or localised form, sustained by radiolytic 
oxygen would also be accommodated within that corrosion allowance. A 
container made from corrosion-resistant titanium or stainless steel depends 
entirely upon the stability of the passivating oxide film for its long life under 
disposal conditions [16]. 
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2.4.5 Groundwater 
The groundwater which will inevitably flow into the repository will contain 
many substances. 
2.4.5.1 Natural Organics 
In fresh waters the dissolved organic content (DOC) has a range from 0.1 
ppm to as high as 50 ppm in swamps. Samples from 100 sites across the 
USA gave DOC values between 0.1 and 15 ppm but about 85% were below 2 
ppm [18]. Water from 100 to 700 m depths in crystalline rocks in Sweden (25 
sites) had 0.1 to 8 ppm [19], while that from 340 to 1100 m depths in 
limestone and tuff in Nevada, USA, had 0.2 to 0.9 ppm DOC. 
With rare exceptions the concentration of the simpler organic compounds are 
too low to affect the speciation of the radionuclides in the waste. This will 
particularly be true for deep repositories where they will be filtered out of the 
water to a large extent by the time the water reaches the repository. 
Monocarboxyiic fatty acids are the most abundant, but have low complexation 
formation constants. The dicarboxylate ligands such as oxalate and 
malonate are stronger complexors, but, at their concentrations in the DOC, 
cannot compete with hydrolysis or with complexation by carbonate, or in some 
waters, by sulphate, phosphate, fluoride or humates. Monosaccharides can 
complex metals [20], including the actinides, but, again, not with sufficient 
strength to overcome their low concentrations and short residence times, 
unless present in large concentrations in the waste itself [21]. 
2.4.5.2 Carbonate 
Carbonate is a ubiquitous component of groundwater systems. Various 
carbonate species form aqueous complexes with actinide species including 
Am3+, U022+, Np02 +, Th4+, and U4+. The complexes with the tetravalent 
actinides can be strong and may increase the solubility of the oxides and 
hydrous oxides of tetravalent actinides [22]. 
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2.4.6 Waste 
The total volume of waste is likely to be 263 000 m3 of which 248 000 m
3 
would be ILW and 15 000 LLW [9]. UK Nirex has specified a number of 
materials for which the total mass disposed is of key importance in post-
closure radiological assessment studies. Table 4 [23) presents the quantities 
of bulk metals and table 5 [23) the quantities of organic materials. In each 
case, data are given for operational and decommissioning ILW and LLW (high 
and low scenarios). 
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Table 4. Total Quantities of Bulk Materials in ILW and LLW. 
Total Mass of Materials (Tonnes) 
Stainless Other Magnox/ Aluminium Zircalloy Other Other Steel Steel Magnesium Metals Materials 
ILW 
Operational 90254 47514 15447 4788 15746 6827 197500 
Decommissioning 24439 32791 327 274 0.0 11889 101944 
LLW (High scenario) 
Operational 56940 222957 0.2 3521 58 7972 220151 
Decommissioning 116225 231107 0.0 1396 0.0 95311 787696 
LLW (Low scenario) 
Operational 2072 15652 0.0 791 5 1482 103120 
Decommissioning 432 6581 0.0 1834 0.0 999 1499 
TotallLW 114692 80305 15774 5062 15746 18717 299444 
Total LLW 
(High scenario) 173165 454064 0 4917 58 103283 1007847 
Total Waste 
(High LLW scenario) 287857 534370 15774 9979 15804 122000 1307291 
Table 5. Total Quantities of Organic Materials in ILW and LLW. 
Total Mass of Materials (Tonnes) 
Cellulose Halogenated Non-halogenated Ion-Exchange Halogenated Non-halogenated Other Plastic Plastic Resins Rubber Rubber Or!:)anics 
ILW 
Operational 6225.6 9481.5 1785.1 12601.3 2443.6 714.3 1055.5 
Decommissioning 183.8 781.4 716.9 412.2 49.8 80.1 65.0 
LLW (High scenario) 
OIJerational 41160.2 19640.3 17895.3 3404.6 5992.9 5873.4 1021.4 
Decommissioning 1118.7 2792.1 1603.1 220.2 221.8 188.3 0.0 
LLW (Low scenario) 
Operational 8936.7 854.2 370.8 46.2 386.4 441.1 2.4 
Decommissioning 124.1 346.3 143.0 0.0 43.2 0.0 0.0 
TotallLW 6409 10263 2502 13013 2493 794 1120 
Total LLW 42279 22432 19498 3625 6215 6062 1021 (High scenario) 
Total Waste 48688 32695 22000 16638 8708 6856 2142 (High LLW scenario) 
2.4.7 Radionuclides 
Table 6 shows which radionuclides were included in the waste in the 
preliminary Sellafield assessment [24]. These radionuclides will suffer a 
number of different fates, from decay in the repository to escape into the 
environment. They are summarised in table 6. Table 8 shows the inventories 
of long-lived (> 30 years) radionuclides for the UK Nirex reference case waste 
volume. 
Table 6. List of Radionuclides Contained in 1989 UK Inventory [24]. 
*H-3 Co-58 Zr-95 Sn-121m Eu-154 *U-234 *Am-241 
8e-10 *Co-60 Nb-93m *Sn-126 Ta-182 *U-235 Am-242m 
*C-14 * Ni-59 *Nb-94 *\-129 Pb-21 0 U-236 *Am-243 
S-35 Ni-63 Nb-95 \-131 Po-210 *U-238 Cm-242 
*C1-36 Zn-65 Mo-93 Cs-134 *Ra-226 *Np-237 Cm-243 
Ca-41 *Se-79 *Tc-99 *Cs-135 Tb-229 Pu-238 Cm-244 
Ca-45 Sr-89 Ru-103 *Cs-137 *Th-230 *Pu-239 Cm-245 
Cr-51 *Sr-90 Ru-106 Ce-144 *Th-232 *Pu-240 Cm-246 
Mn-54 Y-91 Pd-107 Pm-147 *Pa-231 *Pu-241 
Fe-55 *Zr-93 Ag-108m Sm-151 U-233 *Pu-242 
*Radionuclides for which activity data have been enhanced 
Table 7: Fate of the Radionuclides. 
Decay in Decay in Decay in Escape into 
Packages Near Field Geosphere Environment 
HO C'4 Nf~ CIJO 
Ni"o Nb~ Se/~ Ra"o 
Sru Sn "'" Zr~o U<O" 
Cs'" Pu"J~ Zr~Jm 
Pu"JO PU<4U CS'J~ 
PU"41 PU<4< 
Table 8. Inventories of Long-Lived Radionuclides for the Nirex 
Reference Case Waste Volume. 
Radionuclide Unshielded ILW Shielded ILW LLW 
IH-3 9.4 x 10' 6.7 x 10° B.O x 10· 
8e-1O 3.2x10·< 7.7 x 10·' 0.0 
C-14 3.5 x 10° 1.1 x 10' 1.7 
CI-36 9.5 1.9 1.B x 10·' 
Ni-59 7.7 x 10' 2.5 x 10< 0.0 
Ni-63 5.7x10' 1.9 x 104 3.7 
e-79 2.5 6.5 x 10.4 2.3 X 10.1 
r-90 B.6 x 104 2.5 X 102 7.6 x 10·' 
r-93 2.9 x 102 6.5 X 10-4 1.5x10'" 
Nb-93m 2.3 x 10< 4.4 x 10.0 1.2x10·o 
Nb-94 1.7x10" 5.7 2.9x10·o 
Tc-99 4.0 x102 2.5 x10·' 6.5 x 10.1 
5n-126 5.2 6.7 x 10-4 2.2 x 10.1 
1-129 1.6 3.9 x 10·' 2.1 x 10.1 
Cs-135 6.4 4.7 x 10·' 0.0 
Cs-137 3.B x 10' B.2 X 102 9.5 X 10.2 
Pb-210 B.4 4.7x10·1 9.7 x 10.0 
Ra-226 9.0 1.1 x 10.0 1.1 x 10'" 
h-229 1.6x10·" 3.5 x 1 O·~ 1.1 x 10·( 
h-230 1.3 x10·' B.7 x 10.0 9.6 x 10'" 
Th-232 2.1 x 10·' 9.4 x 10·" 7.3 x 10.0 
U-231 7.1 x 10·' 6.6 x 10.0 B.5 x 10·' 
U-233 9.7x10·' 7.9 x 10.1 1.6x10·' 
U-234 7.Bx10·' 1.7x10·' 1.4 
U-235 1.6 5.B x 10·' 5.2 X 10.2 
U-236 1.1 x 10 4.7x10-4 5.0 x 10·' 
U-23B 3.7 x10' 1.7 x 10·' 1.1 X 10"' 
No-237 B.6x10' 1.7 x 10.0 3.B x 10.0 
No-23B 6.5 x 10' 1.6 x 10' 3.0 X 10·< 
Pu-239 1.4 x 104 6.2x10' B.3 x 10·' 
Pu-240 1.4 x 104 6.0x10' 2.5 x 10·' 
Pu-241 3.0 x 104 2.1 x 10' 1.2 X 10·' 
Pu-242 1.7x10' 5.0 x 10.2 3.3 X 10-4 
AJ1l-241 4.3 x 10' 6.2 x 10' 2.0 X 10·' 
Am-242m 5.0 x 10' B.5 2.3 x 10'" 
Am-243 2.0 x 10 7.9 X 10.2 6.5 X 10.5 
2.4.8 Organic Materials in ILW and LLW 
The organic material likely to be found in ILW and LLW has been classified in 
the following categories. 
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• Cellulosics (e.g. paper, cloth, and wood). 
• Halogenated plastics (e.g. PVC) 
• Non-halogenated plastics, including condensation polymers (e.g. 
polyesters, Bakelite, nylon, epoxy) and other polymers (e.g. 
polyethylene, polypropylene, polystyrene) 
• Organic ion exchange resins 
• Rubber compounds, both halogenated (e.g. neoprene 
(polychloroprene), Hypalon (chlorosulphonated polyethylene» and non-
halogenated (e.g. latex (polyisoprene), styrene butadiene). 
• Other organics (e.g. oils and other organic liquids) 
• Complexing agents (e.g. EDTA, citric acid, oxalic acid) [25]. 
2.5 Degradation Effects 
2.5.1 Degradation of Cellulose 
2.5.1.1 Mechanism of Cellulose Degradation 
Cellulose is a linear condensation polymer consisting of D-
anhydroglucopyranose units linked by \3-1 A-glycosidic bonds (figure 2). 
HOH:F 
o 
HO~C OH 
n·2 
Figure 2. The Structure of Cellulose. 
OH 
Under alkaline, anaerobic conditions at temperatures below about 170 C (Le. 
the likely conditions in the near field) the main degradation mechanism is by a 
beta-alkoxycarbonyl elimination, which ruptures the 1 A-glycosidic linkage and 
takes place at the reducing group at the end of the chain. This is known as 
the peeling reaction and is shown in figure 3. 
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Products 
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Figure 3_ The Peeling Reaction of Cellulose. 
The reactive end of the cellulose chain is regenerated and a small water-
soluble organic molecule is released which undergoes further reaction or 
rearrangement to give several possible products. If no other reactions 
occurred, cellulose would degrade completely by this reaction, however, there 
are competing reactions at the reducing end groups. Reactions which form 
end groups stable to alkaline attack (e.g. 3-deoxyhexonic acid units) are 
called stopping reactions. The short-term degradation of isolated cellulose 
chains in anaerobic, alkaline solution in the presence of calcium is determined 
principally by competition between the peeling and stopping reactions. A 
general scheme of the reaction mechanism is given below. 
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Initiation a) HGO(-GOln-GOH ~ HGO(-GO)n-GO· + H+ 
b) HGO(-G0ln-GO· ~ HGO(-GO)n.,-GO· + products 
Propagation c) HGO(-GO)n-,-GO· ~ HGO(-GO)n.2-GO· + products 
Termination d) HGO· ~ products 
e) HGO(-G0ln-GO· ~ HGO(-GO)n residue 
Where G = glucose unit. 
The peeling reaction is (b) with (c). The stopping reaction is (e). This 
mechanism also accounts for chain termination by complete unzipping of the 
chain, reaction (d) [26]. Cellulose chains that have undergone the stopping 
reaction may not resist alkaline degradation over the long timescales used in 
repository performance assessments. Mid-chain scission has only been 
observed at high temperatures, but reactions might take place at lower 
temperatures at a slow rate. 
2.5.1.2 The Products of Cellulose Degradation 
The erythro and threo isomers of 2-C-(hydroxymethyl)-3-deoxy-D-pentonic 
(isosaccharinic) acid (ISA), shown in figure 4, appear to be the most important 
products because of their complexing abilities and yields. 
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O~ /OH 
H C 
I I 
O~ /OH 
C H I I 
HO-C---C-OH HO---C---C-OH 
I I I I 
H H-C--H H--C-H H 
I I 
H-C-OH H-C-OH 
I I 
H-C-OH H-C-OH 
I I 
H H 
(a) (b) 
Figure 4. Structural formulae of open-chain structures of (a) a-ISA (erythro) and (b) 
13-ISA (threo). 
2.5.1.3 Measurement of the Extent of Cellulose Degradation 
Native cellulose comprises crystalline and amorphous regions. In the 
crystalline regions, the chains are held together by intermolecular hydrogen 
bonds between hydroxyl groups on adjacent parallel chains. This crystallinity 
influences the reactivity by controlling the access of reagents to functional 
groups, and by interfering with the changes in geometry required for the 
transition states of various reactions. The amorphous regions of cellulose 
are not restricted in this way and so react more readily. The rate-limiting 
step for slower chemical attack will depend on the rate of mid-chain scission, 
or the reaction of "inaccessible" end-groups [26]. It is possible that microbial 
degradation of cellulose will be more significant than the slow chemical 
degradation. 
The extent of degradation of cellulose under laboratory conditions was 
investigated by measuring the dissolved organic carbon (DOC) concentration 
as a tissue degraded in saturated calcium hydroxide solution at 60 C [26]. It 
was not possible to continue the experiment for more than 116 days, and the 
43 
results showed that degradation was probably continuing when the 
experiment was stopped. The final DOC (92 \-Ig mr1) indicated that 6% by 
mass of the cellulose had degraded. 
The alkaline aerobic chemical degradation of cellulose has been shown to 
produce a range of hydroxycarboxylic acids [27]. In work for UK Nirex [28], 
some degradations were carried out at 80 C under anaerobic conditions for 30 
days, in the presence of NRVB, to provide leachates containing mixtures of 
degradation products. The degradations did not go to completion, and other 
work [291 has indicated that about 6% of the mass of cellulose degraded over 
four months. 
65-88% of the total acids released on degradation were the ef}'fhro and threo 
isomers of ISA. A higher proportion (20-30%) of this is formed from 
degradations in the presence of calcium ions than in the presence of sodium 
ions [30]. 
2.5.1.4 Degradation in the Presence of Cement 
Long term degradation experiments of cellulose were set up at the Paul 
Scherrer Institute [311, to study the alkaline degradation of cellulose at the 
expected chemical conditions in a cementitious repository. The materials 
investigated during this study were pure cellulose powder, cotton, paper and 
tissues. The DOC of the samples increased with increasing reaction time. 
In total 12 aliphatic acids were identified, including C1-C4 monocarboxylic 
acids, C4- and C6-dicarboxylic acid and various (poly)hydroxy carboxylic acids 
including isosaccharinic acid. 
2.5.1.6 Cation Effects 
Although cellulose degradation by both calcium and sodium hydroxide give 
apparently the same acidic components the relative distribution of these 
species has been observed to vary between the two [27]. The results from 
the initial degradations of cellulose samples in the presence of OPC are 
consistent with calcium hydroxide being the major degrading species. This is 
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to be expected as cement of this type contains 70 to 80% of calcium silicates, 
whose hydration leads to calcium hydroxide formation. 
This is consistent with many reports that the alkaline degradation of cellulose 
is influenced by the nature of the alkali, metal cations, pH, and temperature 
[32]. The extent of cellulose degradation has been found to increase with 
sodium hydroxide concentration up to 6 mol dm-3 at which point it begins to 
fall sharply [33]. The rate of oxidative degradation of cellobiitol, a model 
substance for cellulose, has also been found to increase with an increased 
hydroxide [34]. 
Work has been published on the effects of various metal cations on the rate 
and mode of alkaline degradation of cellulose. There are indications that 
alkaline earth metals (Ca2+, S~+, and Ba2+) can limit the extent of cellulose 
degradation. Iron, cobalt, copper, and manganese salts have been found to 
have an appreciable effect on the rate of degradation. Magnesium and 
lanthanum have proved to be the most effective inhibitors of cellulose 
degradation. The role of inhibitors has not yet been fully established 
although they are believed to act as scavengers for transition metals. 
2.5.1.7 Anion Effects 
A marked difference has been observed in the products of cellobiose, the 
disaccharide obtained by partial hydrolysis of cellulose, which consists of two 
D-glucopyranose fragments joined by a 1 ,4-j3-glycoside bond, degraded in 
sodium hydroxide and in sodium bicarbonate [35]. In the former case ISA 
was found to be the main species observed, with small amounts of 3,4-
dihydroxybutanoic acid, 3-deoxypentonic and 3,4-dideoxypentonic acids 
present. However, in the presence of bicarbonate the non-ISA species 
predominated, indicating an increased preference for scission reactions to 
occur in this medium. 
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2.5.1.8 Gamma-Irradiation 
It has been shown [36] that high-energy gamma-irradiation of cotton cellulose 
combined with alkali treatment causes a fall in the degree of polymerisation 
and an increase in the carbonyl content of the degradation products. 
2.5.2 Chemical Degradation of ISA 
Further degradation of ISA by chemical or microbial action may lessen the 
complexation effects of degraded cellulose leachates. Experimental studies 
[37] on the chemical degradation of this compound under alkaline conditions 
suggest that the presence of oxygen is required. Any degradation of ISA is 
likely to give products with reduced complexing power. 
2.5.2.1 Calcium Isosaccharinate 
It has been noted [38] that ISA is taken up by cements that contain high 
concentrations of Ca2+. ISA forms fairly insoluble calcium isosaccharinate, 
Ca(ISAh, over a wide pH range, at fairly high calcium concentrations. 
Therefore, this compound can control the solubility of ISA in alkaline 
repositories. 
2.5.3 Degradation of Non-Ce/lulosic Polymers and Other 
Compounds 
Degradation of polymers is important in terms of their potential to produce 
molecules which could act as complexants for radioelements. Therefore, the 
presence of electron-donating elements (oxygen and nitrogen) in the parent 
polymer, or mechanisms by which such elements could be introduced, are of 
interest. Degradation processes in polymers involve molecular weight 
changes (chain scission, cross-linking), changes in functional groups, and the 
loss of small molecules (degradation products, additives). There are four 
types of degradation relevant to the disposal of organic materials: 
• Long-term thermal processes; 
• Thermo-oxidative processes; 
• Hydrolysis reactions; 
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• Radiolytic processes. 
Although the reaction of polymers at high temperatures is not directly relevant 
to the repository environment, degradation via thermal processes may occur 
over long time periods at lower temperatures. Many of the polymers 
considered are quite stable with respect to degradation under repository 
conditions, and there is little data which can be used to judge whether some 
of the degradation products postulated are actually formed, or to estimate 
likely yields. Degradation products with complexing ability can be identified, 
but they may be formed with very low yields, although if the stability constants 
for the complexes formed are very high, then they might become important. 
2.5.4 Microbial Effects 
Active micro-organisms can exist in any environment if the basic requirements 
for life are present, i.e. a suitable temperature and pH, and the presence of 
nutrients, water, carbon and energy sources. If conditions are not favourable 
microbes may survive in a dormant state until a change allows activity. Also, 
microenvironments may become established where microbial activity may 
increase leading to altered environmental conditions and to changes in the 
near-field, e.g. degradation and breakdown of barriers, gas generation and 
uptake and transport of radionuclides. 
Micro-organisms capable of degrading ISA under repository conditions can be 
found in soils from several parts of the world. The ability to use ISA as a 
carbon source is found in several species of micro-organisms. Microbial 
degradation of ISA has been demonstrated in hostile environments, which are 
close to those of a cementitious repository. The reduction in ISA 
concentration may result in a fall in the solubility of plutonium under alkaline 
conditions. The degradative organisms are likely to exist as a biofilm on the 
surface of solid materials, the backfill has been shown to be an adequate 
support for such a biofilm. Once microbial populations are established the 
rates of degradation of ISA may be fast compared to the expected leaching of 
ISA from the near field. However, the rate at which a significant population 
can be established in the near field has still to be addressed. 
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3 Experimental 
3.1 Theory 
3.1.1 The Schubert (Ion-Exchange) Method for Measuring 
Stability Constants 
The Schubert method was developed in the mid-1950s by J. Schubert and his 
co-workers [39]. It works on the principle of measuring the distribution of a 
cation between an ion exchange resin and a supernatant liquid. This is 
usually done by using radiochemical methods because of the very low levels 
of cation used. In this work, however, ICP-MS has also been used as a 
method of detection. Radiochemical detection methods used have been 
liquid scintillation counting and gamma counting. 
Stability constants calculated from measurements obtained using the 
Schubert method have usually assumed that the complex contains one metal 
ion, and is of the form MLz [39], [40]. [41]. For different stoichiometries such 
as MnLz or MnLz(OH)y, different algebraic expressions must be used which 
are developed in section 3.1.1.1. 
The stoichiometries of the complexes formed have been determined using the 
approach of Joyce and Pickering [42], based on Bjerrum plots, 
conductometric titrations and spectrophotometry, as well as information 
provided by the Schubert method. Bjerrum plots give the ratio of metal to 
hydroxide ion in the various complexes formed. They also provide the 
information required to perform appropriate conductometric titrations. These 
titrations determine the ratio of metal to ligand in the complexes, and confirm 
the metal to hydroxide ratio obtained from the Bjerrum plots. Further 
information on the ratio of metal to ligand and hydroxide in the complexes is 
provided by spectrophotometric methods, i.e. Job's method of continuous 
variations and the mole ratio method, for those metal complexes that have 
absorption peaks. 
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3.1.1.1 Stability Constant Derivation for MnLz Type Complexes 
The stability constant of a binary complex formed between a metal (M) and 
ligand (L) is given by (some charges omitted): 
(i) 
In the Schubert approach, the metal concentration is determined in solution, in 
both the absence, and presence, of cation exchange resin. The ligand 
concentration is in large excess over the metal, so the equilibrium free ligand 
concentration can be assumed to be equal to the initial ligand concentration. 
The distribution constant (D) which describes the distribution of metal 
between resin [Mres] and solution phase [Msol], in the presence of ligand, is 
given by: 
(ii) 
Msol includes the free cation, complex and hydrolysis products, therefore: 
(iii) 
Using the equilibrium expression for the hydroxy species formed: 
(iv) 
(v) 
(vi) 
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Where A = 1 + 131(oH)[OH-]+132(oH)[OH12+ ... as discussed by Maes et al. [41] 
Using equation (i) gives: 
The distribution (Do) of metal between solution phase and resin in the 
absence of ligand is given by: 
(vii) 
(viii) 
The above equations may be used to produce expressions for stability 
constants. However, knowledge of the stoichiometry of the complex is a pre-
requisite if n > 1. When n = 1 combination of equations (vii) and (viii) leads to 
the well known Schubert expression: 
13=(00 -1)~ o [L]Z (ix) 
Or in the logarithmic form: 
10g(~ -1)A=109j3+ZI09[L] (x) 
This provides a graphical method for determining the stoichiometry of 
complexes of the type MLz Plotting 10g(~ -1)A against log [L] will give an 
integer slope equivalent to the value of z. However, if for example n = 2 a 
different expression is obtained. In this case: 
0= [Mres] 
[MX+]{A+I3[MX+][L]Z} (xi) 
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From which it can be shown that: 
[MX+l=(Do -1)~ 
D (3[L)Z (xii) 
In practice it is Msol, i.e. the metal concentration in the solution phase that is 
measured in the Schubert method. The expression for this is: 
[Msoll=[MX+ )+[M2Lz )+[MOH(x.,)+ 1+[M(OH)2 (X.2)+]+ ... or (xiii) 
(xiv) 
Substitution of (xii) into (xiv) gives: 
(xv) 
(xvi) 
Giving an expression for the stability constant of: 
(xvii) 
3.1.1.2 Stability Constant Derivation for MnLz(OH}y Type Complexes 
If mixed complexes of the type MnLz(OH)y are obtained the equilibrium 
expression would be: 
[M,(OH)yL,l 
13- [MX+ j"[Lj' [OH]Y 
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(xviii) 
In the presence of ligand the expression for D would be: 
(xix) 
Rearranging in a similar way gives: 
(xx) 
Equations xvii and xx imply that 13 may be dependent on Msol and, therefore, 
the quantity of metal used in the experiment. Hence it was decided to repeat 
the nickel gluconate experiments at concentrations of nickel one (5.48 x 10-8 
mol dm'3) and two orders of magnitude (5.32 x 10'7 mol dm,3) higher than the 
original (5.5 x 10,9 mol dm'3) to see if the same value for 13 was obtained. 
3.1.1.3 Using Different Algebraic Expressions for Calculating /3 
from Measurements taken using the Schubert Method 
The importance of determining the stoichiometry of the complexes before 
deciding which algebraic expression to use to calculate ~ can be seen from 
table 9. The values are calculated from the same Schubert measurements 
using different assumed stoichiometries and, therefore, different algebraic 
expressions. 
Table 9. Schubert data interpreted using different algebraic expressions 
to calculate ~ for the complex formed at high pH. 
ML M2L M2L(OH)4 
Nickel Gluconate 14.5 28.40 31.39 
NickellSA 10.5 27.90 29.85 
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3.1.1.4 The Schubert Method - Detection by ICP 
Both AES and MS detection methods were considered for the ICP machines. 
AES, however, would have far too poor a detection capability for this tracer 
technique, where quantities in the order of 10-12 mol dm-3 need to be 
measured, so it was decided just to pursue MS as a detection method. 
3.1.1.4.1 Effect on Do of varying Nickel Concentrations 
One concern was that even for MS detection the level of cation present in the 
Do experiment might be too low to be detected. Therefore, an experiment 
was perfonned to detennine whether the absolute value of Do would increase 
with increased amounts of tracer cation used. Radioactive nickel was used 
for this particular experiment. The graph of the results is shown in figure 5. 
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Nickel Concentration (mol dm"") 
Figure 5. Effect of varying the nickel concentration on the absolute value of Do. 
As can be seen, in the eventuality of the Do value being too low to detect, it 
would be possible to increase this by using increased quantities of tracer, 
whilst bearing in mind the necessity for the ligand to be in large excess. 
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3.1.1.4.2 Constructing a Calibration Curve for Nickel by ICP-MS 
Various nickel standards from 10 to 500 parts per trillion (ppt) weight/volume, 
were prepared and analysed by ICP-MS. The results are shown in figure 6. 
All experiments were run on a PQ ExCell Inductively-Coupled Plasma Mass 
Spectrometer. 
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Figure 6. Calibration Gurve for Nickel using IGP-MS. 
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As the calibration curve was sloping at 90° 10 the anticipated direction, it was 
concluded that the concentration of sodium hydroxide being used (0.30 mol 
dm-3) was far too high for the machine to detect the nickel properly. It was, 
therefore, decided to run the matrix for 30 minutes prior to use, to see if 
equilibrium conditions could be established. The standards were run in order 
of lowest concentration to highest through Ihe ICP-MS, with a water wash 
between each one. The results are below (table 10). 
This showed that the matrix was still a problem. It was, therefore, decided to 
dilute the samples by a factor of ten before measurement. It was also 
realised that considerable care would have to be taken to reduce the quantity 
of nickel in the deionised water and sodium hydroxide to below 1 x 10-12 mol 
dm-3 in order that impurities did not significantly interfere with the results. 
54 
Table 10. Experimental Data for Equilibrium Conditions Set-up. 
Counts 
Standard 
""Ni .uNi ·'Ni ·<Ni 04Ni 
Mean of NaOH Blank 1388.557 331.293 38.356 6439.099 1091.997 
Mean of 10 ppt standard 2803.299 976.789 97.334 5853.423 3529.858 
Mean of 20 ppt standard 2851.753 970.344 70.800 5341.801 4158.65 
Mean of 50 ppt standard 2633.266 890.783 64.711 5249.100 3118.029 
Mean of 100 ppt standard 2206.217 756.065 57.556 4673.166 4375.248 
Mean of 500 ppt standard 702.151 216.135 28.667 4355.111 2243.91 
Mean of 100 ppt standard (2) 2909.187 1038.794 68.267 4422.285 4940.144 
This was considered to be impractical so it was decided to switch to 
measuring a cation that would not be present in the water or sodium 
hydroxide in any measurable quantities. Therefore, holmium was used for the 
next set of experiments. 
3.2.1.4.3 Constructing a Calibration Curve for Holmium by ICP-MS 
3.2.1.4.3.1 Checking the Purity of the Standards 
The reagents were checked for holmium with the results that are shown below 
(figure 7). There were no counts for holmium-165 in any of the substances 
measured, so it was decided to proceed with its use. 
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Figure 7. IGP-MS Spectrum for Deionised Water and Sodium Hydroxide Solution. 
3.2.1.4.3.2 Running Holmium Standards on the IGP-MS 
Standards from 10 to 500 ppt holmium were run on the IGP-MS. The system 
showed no memory problems, and there was no problem detecting at the 10 
ppt level, but the calibration curve still had many faults (figure 8). 
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The experiment was repeated with a further factor of two dilution of the matrix. 
Again the calibration curve showed major errors. Therefore, it was decided to 
use plastic apparatus throughout the procedure, to use a metal with an 
ionisation potential in the region of 6 to 7 eV, to use a PFA nebuliser, to wash 
between the runs with the matrix, not water and to acidify with nitric acid 
before measurement. All these improvements were tried in another 
experiment designed to produce a usable calibration curve. A usable 
calibration curve was obtained (figure 9). 
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Figure 9. Calibration Curve for Holmium-165. 
3.1.2 The Solubility Product Method for Measuring Stability 
Constants 
The Schubert method depends on the distribution of cationic species between 
the resin and the supernatant liquid. However, at pH 13.3 most metals are 
complexed with the hydroxide ion. Many of these hydrolysis products are 
neutral or anionic. This can cause problems in the use of the Schubert 
method for some metals, e.g. uranium (VI). If the total of cationic species in 
solution is not above this level then there will not be sufficient sorption to the 
resin for the method to work. From the results of experiments performed so 
far it seems as though there is a cut-off pOint at about 10.20 mol dm-3 cation in 
solution for the Schubert method to work successfully. 
As a result the solubility product method for measuring the stability constant of 
a complex has been developed by Or Tony Hall in our research group. It has 
been used for the complexes of metals that do not produce sufficient cations 
in solution, e.g. U(IV) and U(VI), for the Schubert method to work. 
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3.1.2.1 Theory of Solubility Product Method 
Dissolution of a sparingly soluble salt may be represented as: 
M X ~ mMa+ +xXb-m x ~ 
The equilibrium constant (K) for the dissolution is given by: 
K= [Ma+ lm [Xb-r 
[MmXxl 
(i) 
(ii) 
The solid phase has constant activity, so the solubility product is obtained, i.e. 
(iii) 
And hence: 
(iv) 
If a ligand (L) is added, complexation may occur which can be represented as 
(some charges omitted): 
(v) 
The stability constant of the complex is given by: 
(vi) 
Hence using equation (iv): 
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(vii) 
Therefore, to calculate the stability constant, values for the concentration of 
the complex, the ligand and the associated anion in solution are required, as 
is the stoichiometry of the complex formed and the solubility product for the 
solid phase present. 
3.1.2.2 Application of the Approach to the Interaction of Sparingly 
Soluble U02 with Gluconic Acid at High pH 
Under reducing conditions the dissolution of sparingly soluble uranium(lV) 
oxide may be represented as: 
U02(am) + 2H20(I) r= U4+(aq)+40H(aq) 
The equilibrium constant (K) for the dissolution is given by: 
K' = [U4+][OH-]4 
sp [U02 ][H,of 
(viii) 
(ix) 
The reactants may be regarded as having constant activities, so a solubility 
constant is obtained: 
(x) 
In the absence of any added gluconic acid, the dissolved uranium(lV) will 
consist of the tetravalent ion and various hydrolysis products, i.e. 
(xi) 
(xii) 
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(xiii) 
(xiv) 
Where A = 1 + L J3x[OH-l' (The side reaction coefficient, cJ. the Schubert 
method). This is constant at any given pH. In this particular case U(OH)4 is 
the dominant species (13 = 1 x 1046 [43]). In the absence of gluconic acid, at 
pH = 13.808, i.e. [OHl = 6.43 x 10-1 mol dm-3 , [U)solution was found to be 7.54 x 
10-9 mol dm-3 . Therefore, A = 1.71 x 1045. 
(xv) 
It follows that 
K' [U)Solution[OH)4 
sp A (xvi) 
=7.54 X 10-55 or log Ksp = -54.1 (cJ. Literature value = -54.5 [43]) 
At this point it is necessary to know the stoichiometry of the complex in order 
to obtain the correct algebraic expression for the next step of the calculation 
of the stability constant. However, to give an example of the approach a 
simple 1:1 complex will be assumed for the complex. The reaction may be 
represented as: 
(xvii) 
The concentration of dissolved uranium(lV) will be increased by the formation 
of the complex, therefore: 
(xviii) 
(xix) 
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Hence, using equation (x) above: 
[UGI(4-V)+] - [U] K'sp 
- solution - [OH-l'A 
The stability constant of the complex is given by: 
_ [UGI(4-V)+] 
13- [U4+][GIV-] 
Therefore, substituting equations (x) and (xx) in (xxi) gives 13 as: 
(xx) 
(xxi) 
(xxii) 
Table 11. Data for Uranium(IV) Gluconate Showing the Solubility Product 
Method. 
[Gluconate) 
pH A Term 
[U)solution [U4+) [UGluc) Log (mol dm-') cpm (mol dm-') 13 
0.0615 13.79 1651 1.46 x 10~ 2.80 x 10-0 5.54 x 10-~ 2.80 x 10-0 49.86 
3.1.2.3 Using Different Algebraic Expressions for Calculating IJ 
from Measurements taken using the Solubility Product Method 
The importance of determining the stoichiometry of the complexes before 
using the correct algebraic expression to calculate 13 applies in the same way 
as for the Schubert method. 
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3.1.3 Measuring Stability Constants by Polarography 
Calibration curves were obtained for the metals being measured. Once the 
stoichiometry for the complex had been determined, the stability constant was 
derived using the equilibrium expression for the formation of the complex. For 
example in the case of a 1: 1 complex: 
_ [ML] 
13- [MUL] 
The concentration of free metal [M] is measured directly, [ML] can be 
calculated from the difference between [Mo], the concentration of the metal 
before complexation, and the free metal after complexation [M]. The 
equilibrium ligand concentration [L] is assumed to be the same as the initial 
concentration [Lo] by keeping the ligand in excess over the metal by a factor 
of at least two orders of magnitude. Therefore, the expression for the stability 
constant becomes: 
13= [Me]-[M] 
[MULe] 
3.2 Experimental Details 
Deionised water produced by a Barnstead NANOpure ultrapure water 
purification system and AR reagents were used throughout. Sodium ISA and 
ISA lactone were prepared using the procedure described by Whistler and 
BeMiller [44]. 
Gluconic acid lactone and sodium gluconate were purchased from Aldrich. 
The radionuclides used were purchased from Amersham. The resin used in 
the Schubert method was BioRad 50W-X2 cation exchange resin. pH was 
measured using an Orion 720A glass electrode. The electrode was calibrated 
using an Aldrich volumetric standard sodium hydroxide solution. 
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Spectrophotometric transmissions, or absorbances, were measured using 1 
cm silica cells in a Philips PU8730 UVNis spectrophotometer. A Jenway 
4310 meter was used to measure conductivity. Differential pulse polarograms 
were measured on a 575VA Computrace Metrohm polarograph with a 
dropping mercury electrode. The radionuclides were counted by liquid 
scintillation counting in a Canberra Packard TRI-Carb 2750TRlLL, using 
Ecoscint cocktail, or by gamma counting on a Packard Cobra 11 Autogamma. 
The NMR spectra were obtained using a 400 MHz BrOker Spectrospin 52 mm, 
on solutions prepared using Aldrich deuterium oxide (99%). 
3.2.1 Measurement of Stability Constants 
3.2.1.1 The Schubert (Ion-Exchange) Method for Measuring 
Stability Constants 
All measurements were made at 25 C. The sorption experiments were 
performed in 20 cm3 polypropylene or glass vials containing between 100 and 
1000 mg of resin, depending on the charge on the cation. Each datum point 
was measured with up to five replicates. 15 cm3 aliquots of ISA or gluconate 
solution, adjusted to the required pH with sodium hydroxide, were spiked with 
the radionuclide giving a cation concentration of at least 2 orders of 
magnitude lower than the lowest concentration of ligand used, and 
equilibrated in a shaker bath for at least 72 hours. One set of vials had no 
resin, in order to determine whether the cation sorbed to the vial walls. 5 cm3 
of supernatant liquid was withdrawn, through a 0.45 Ilm filter, and the activity 
of the radionuclide measured. 
For l3-emitting metals liquid scintillation counting was used. The sample was 
neutralised with hydrochloric acid to reduce the chemiluminescence to an 
acceptable level. To this was added 12 cm3 of the scintillant Ecoscint. The 
LSC vials were then shaken for two minutes on a Fisons Whirlimixer and then 
the activity was measured. For y-emitting metals 2 g of the solution was 
measured into a y-counting vial and then counted. For both methods the 
activity was measured over a time period that provided at least 10000 counts 
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per sample, where practicable. The pH of each sample was checked to 
enable calculation of the side reaction coefficient. 
3.2.1.2 The Solubility Product Method for Measuring Stability 
Constants 
3.2.1.2.1 Uranium(IV) 
The first stage is the precipitation of U02.2H20. All solutions were made up 
from deionised water that had been boiled and sparged with nitrogen to 
remove oxygen. They were then equilibrated in the presence of iron metal 
for at least 72 hours in the glove box, to remove as much of the remaining 
dissolved oxygen as possible. 
The following solutions were placed in polythene vials in a nitrogen glove box; 
5 cm3 of carbonate free sodium hydroxide solution (2.00 mol dm-3), 5.0 cm3 of 
sodium dithionite solution (0.10 mol dm-3) and 2.0 cm3 of uranyl nitrate 
(U02(N03h solution containing 233U spike (0.01 mol dm-3 - 12 MBq dm-3). 
The second stage was complexation. For the near-neutral and low pH 
experiments 1 cm3 of solutions of carbonate-free sodium ISA or gluconate 
(0.80 mol dm-3) were added to the precipitates, along with hydrochloric acid 
(2.0 mol dm-\ For the high pH experiments 1 cm3 of solutions of sodium ISA 
or gluconate were added to the precipitates. Up to ten replicates were 
performed of each concentration. The vials were shaken intermittently. 
After two weeks, 5 cm3 of the supernatants were filtered off using a 0.45 IJm 
syringe filter. 3 cm3 was discarded to waste to allow for sorption onto the filter 
etc. Specific activities (d.p.m. cm-3) were determined using liquid scintillation 
counting in Ecoscint in glass vials. Alphalbeta discrimination was used in the 
counting channels. The Eh and pH were monitored throughout the 
experiment. 
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3.2.1.2.2 Uranium(VI) 
The first stage was the precipitation of sodium diuranate (Na2U207). This 
was achieved by mixing together of 13 cm3 of carbonate-free sodium 
hydroxide solution (1 mol dm-3) and 2 cm3 of uranyl nitrate (U02(N03h 
solution (1 mol dm-3 - 12 MBq dm-3) in polythene vials in the glove box. The 
precipitates were aged for two weeks. Complexation was achieved by the 
addition of solutions of carbonate-free sodium gluconate or ISA (0.5 mol dm-3) 
and carbonate-free potassium nitrate solution (0.5 mol dm-3) to maintain a 
constant ionic strength. The analysis was performed in the same way as for 
uranium(lV) above. 
3.2.1.3 The Measurement of Stability Constants by Polarography 
Differential pulse polarograms (DPP) were recorded of millimolar solutions of 
nickel chloride dissolved in a large excess of sodium gluconate or ISA (0.05 
mol dm-3) with potassium chloride (0.1 mol dm-3) as a base electrolyte. The 
solutions were sparged with nitrogen for 10 minutes to remove dissolved 
oxygen and the polarograms were recorded from -0.5 to -1.3 V. A calibration 
curve for free nickel was plotted. Polarographic measurements of nickel at 
high pH were not possible because of the absence of free cations above pH 
9. The experiment was then repeated using cadmium chloride. 
3.2.2 Measurement of Stoichiometry 
3.2.2.1 Bjerrum Plots 
Varying amounts of sodium hydroxide (0.1 mol dm-3) were added to a mixture 
of a soluble salt of the metal (0.01 mol dm-3) and sodium gluconate (0.01 mol 
dm-3) to produce solutions containing metal to hydroxide ion ratios from 0 up 
to 8. The ionic strength of each solution was adjusted to 0.1 mol dm-3 by the 
addition of potassium nitrate. After at least 14 days at 25 C, the pH was 
measured and plotted against the cation to hydroxide ion ratio. The 
experiments were then repeated with sodium ISA in solution. The data 
obtained from the Bjerrum plots was used to calculate the concentrations to 
be used in the conductometric titrations, following the method of Joyce and 
Pickering [42]. 
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3.2.2.2 Conductometric Titrations 
Up to four sets of titrations were performed for each cation studied. Unless 
stated otherwise in chapter four all titrations were performed in the way 
described here. 
In a type A titration, 1 cm3 aliquots of a soluble salt of the metal (0.1 mol dm-3) 
were added to 20 cm3 of 0.1 mol dm-3 sodium gluconate, which had been 
made up to 80 cm3 with deionised water to ensure complete coverage of the 
electrode, and the conductance of the solution measured after each addition. 
In type B, excess sodium gluconate (60 cm3 , 0.1 mol dm-3) was added to 20 
cm3 of sodium hydroxide (0.1 mol dm-3) and titrated with 1 cm3 aliquots of the 
metal salt solution (0.1 mol dm-3). 
In type C, 10 cm3 of sodium gluconate (0.1 mol dm-\ which had been made 
up to 80 cm3 with deionised water, was titrated with 1 cm3 aliquots of the 
metal salt solution (0.1 mol dm-3) and 1 cm3 aliquots of sodium hydroxide 
(0.15 mol dm-3) simultaneously. The ratio of metal to hydroxide ion used in 
this titration was that obtained from the Bjerrum plot for the mid pH complex if 
one was found to exist for that particular cation. 
In type D, 10 cm3 of sodium gluconate (0.1 mol dm-\ which had been made 
up to 80 cm3 with deionised water, was titrated with 1 cm3 aliquots of the 
metal salt solution (0.1 mol dm-3) and 1 cm3 aliquots of sodium hydroxide (0.2 
mol dm-3) simultaneously. The ratio of metal to hydroxide ion used in this 
titration was that obtained from the Bjerrum plot for the high pH complex. 
After correcting for dilution the results were expressed graphically. The 
titrations were then repeated using sodium ISA. 
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3.2.2.3 Spectrophotometric Studies 
Four types of spectrophotometric studies were performed, (i) scans of the 
spectral transmission curves, (ii) Job's method of continuous variations and 
(iii) the mole ratio method, (iv) the precipitate absorption method. 
3.2.2.3.1 Spectral Transmission Curves 
The spectral transmission curves were recorded, from 220 to 950 nm, for 
solutions containing an appropriate concentration of the cation, excess 
gluconic acid and varying amounts of sodium hydroxide. Selected 
wavelengths, at which the complexes absorbed, were then used in Job's 
method of continuous variations, and in the mole ratio method. These 
experiments were then repeated with ISA. 
3.2.2.3.2 Job's Method of Continuous Variations 
At pH 7, solutions were prepared containing the metal cation from 0 to 0.05 
mol dm-3 and sodium gluconate or ISA from 0.05 to 0 mol dm-3 respectively. 
These were allowed to equilibrate for one week before the absorbances were 
measured at the selected wavelengths, determined from the spectral 
transmission curves. A graph was then plotted of absorbance against the 
mole fraction of cation. In the high pH experiments the same concentrations 
of metal and ligand were used in 0.1 mol dm-3 sodium hydroxide. 
3.2.2.3.3 Mole Ratio Method 
Solutions containing the metal cation, usually at a concentration of 0.01 mol 
dm-3 , varying amounts of 0.01 mol dm-3 sodium gluconate or ISA, and varying 
amounts of 0.01 mol dm-3 potassium nitrate to provide a constant ionic 
strength, were adjusted to pH 7 and allowed to equilibrate for a week. The 
absorbance of each solution was then recorded at the selected wavelengths. 
The absorbances of a set of solutions containing varying amounts of the 
metal, with equal amounts of sodium gluconate were also recorded. The 
ratio of nickel to hydroxide ion was varied using 0.01 mol dm-3 sodium 
hydroxide solution, and 0.1 mol dm-3 potassium nitrate was added to provide 
a constant ionic strength. After allowing each solution to stand for seven 
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days, the absorbances of each solution were recorded at the selected 
wavelengths. 
3.2.2.3.4 Precipitate Absorption Method 
Solutions containing the metal cation, usually at a concentration of 0.01 mol 
dm·3, excess sodium gluconate or ISA (0.05 mol dm·3), and varying amounts 
sodium hydroxide to give hydroxide to metal mole ratios up to 4:1 were 
adjusted with 0.1 mol dm,3 potassium nitrate to provide a constant ionic 
strength, and allowed to equilibrate for a week. The absorbances were then 
measured at selected wavelengths. 
3.3 Preparation of Isosaccharinic acid (2-C-
(hydroxymethyl)-3-deoxy-D-erythro-pentonic acid) 
(ISA) 
In a repository cellulose will be degraded by the mechanism described in the 
literature survey. However, in the laboratory it was necessary to obtain pure 
erythro-ISA, therefore, the following approach was used, using a-lactose 
hydrate. Initially the calcium salt was made [44], which was then converted to 
the sodium salt [45]. 
3.3.1 Calcium 2-C-(hydroxymethyl)-3-deoxy-D-erythro-
pentonate 
The preparation of erythro-isosaccharinic acid was performed as follows. (J.-
lactose monohydrate (500g) was dissolved in 5 dm3 of distilled water. 
HO 
o CH20H)-O~ 
"~ O .... ,,)---{ -OH .OH2 
OH HO OH HO 
Figure 10. Structure of a-lactose hydrate. 
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Calcium hydroxide (135g) was added and the flask was sparged with oxygen-
free nitrogen for six hours, whereupon it was stoppered, and left at room 
temperature for 3 days. The resulting brown solution was refluxed for 10 
hours and filtered whilst hot. It was then evaporated in a stream of moving 
air until the volume was down to about 1500 cm3. The mixture was 
refrigerated overnight and the white solid removed by filtration. It was then 
washed with cold water, ethanol and propanone. 
3.3.2 Recrystallisation of the Calcium Salt 
The salt is soluble in hot water to the extent of 1.19 g in 100 g of hot water 
and so was dissolved in the required quantity of hot deionised water and 
filtered free of calcium carbonate. Next it was evaporated under reduced 
pressure in a BOchi RE11 Rotavapor until crystallisation began, and then 
stored for several days in a refrigerator. The solid was then reclaimed by 
filtration, washed, and dried. 
3.3.3 Preparation of the Sodium Salt 
The Ca(ISAh was mixed with Chelex-100 (BioRad) resin in the ratio of 1:25 
by mass in deionised water and mixed for three hours. The resin was filtered 
off with a Millipore 0.2 ~m membrane filter, and the solution concentrated by 
boiling down to about 500 cm3 . It was then evaporated on a rotary 
evaporator until a thick brown syrup was obtained. This was allowed to cool 
and was then triturated in the presence of water-free diethyl ether. 
3.4 Characterisation of ISA 
After preparation the ISA was checked for purity, and to confirm that the 
correct isomer had been prepared. 
3.4.1 X-Ray 
There is little information in the literature with regard to the characterisation of 
ISA. However, Rai et al. [16] have published X-ray data for calcium ISA. 
Consequently an XRD pattern was obtained from the powdered calcium ISA 
that had been prepared. The 'D' value data is reproduced in table 12. The 
comparison with the published data was inconclusive. 
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Table 12. X-ray Data for Calcium Isosaccharinate. 
Angle 2-Theta 0 
D value 
(Angstrom) 
9.002 9.79404 
13.856 6.38622 
15.983 5.54057 
18.114 4.89347 
18.891 4.69381 
20.368 4.35663 
22.369 3.97125 
24.488 3.63214 
At the same time the structure of crystalline sodium ISA was being obtained. 
It is shown in figure 11. 
Figure 11. Structure of sodium isosaccharinate. 
As can be seen there is no doubt that the substance prepared was sodium 2-
C-(hydroxymethyl)-3-deoxy-D-erythro-pentonate, i.e. sodium ISA, with one 
water molecule attached to each molecule of the salt. As this was obtained 
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from the calcium ISA by ion-exchange there can be no doubt that the calcium 
ISA was also the correct compound. The difference in the X-ray data for the 
calcium ISA between the sample prepared and the literature data may be due 
to different degrees of hydration in the two samples. 
3.4.2 Infra-Red Spectra 
For future reference, and to compare other batches of ISA, melting points and 
infra-red spectra were also obtained. The spectra were run on a SHIMADZU 
FTIR-8300 Fourier Transform Infra-Red Spectrophotometer. 
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Figure 12. Infra Red Spectrum of Sodium ISA. 
3.4.3 Melting Points 
Melting points were obtained for both sodium and calcium ISA. 
Table 13. Melting Points of Sodium and Calcium Isosaccharinate. 
Melting Points 
Sodium ISA 108-110 C 
Calcium ISA Decomposed at 260 C to a brown solid 
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3.4.4 ICP-MS Spectra 
To ensure that the conversion from calcium ISA to sodium ISA had been 
successful a sample of sodium ISA was investigated using ICP-MS to 
determine the sodium to calcium ratio. A solution of sodium ISA of 
concentration 1 x 10-4 mol dm·3 was used. 
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Figure 13. IGP-MS Spectrum of Sodium ISA. 
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44.4 
Figure 14. IGP-MS Spectrum of Sodium ISA showing calcium-44 peak. 
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From figure 14 it can be seen that the sodium count is approximately 1.9 x 
107. The calcium count from figure 14 can be seen to be 8 x 104 , although of 
this, 5 x 104 comes from the deionised water. This gives a calcium value 
from the ISA of 3 x 104 . This calcium isotope (44) is 2.09% of its natural 
abundance. Therefore, scaling up gives a value for the calcium counts of 
1.44 x 106 . The percentage of calcium ISA in the sodium ISA was therefore 
100% x 4 x 106/1.9 X 107. This gave 7.6% calcium in the sodium ISA. This 
can be regarded as a successful conversion. 
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3.5 Preliminary Experiments with Gluconate 
As ISA is laborious to make, it was decided to perform initial experiments on 
each metal with gluconate as a ligand. 
~ 
C---QH 
I 
H-C-OH 
I 
HO-C-H 
I 
H-C-OH 
I 
H-C ---OH 
I 
CH,OH 
Figure 15. The Structure of Gluconic Acid. 
This allowed for method validation without the use of a large quantity of ISA. 
Gluconic acid (D-2,3,4,5,6-pentahydroxyhexanoic acid) (figure 15) is a similar 
molecule to ISA, is readily available commercially, and is of a known purity. It 
was used in the form of Aldrich sodium D-gluconate (97%). 
3.6 Measurement of Dissociation Constants of 
Complexes. 
The dissociation constants were measured by potentiometric titration using 
Aldrich potassium hydroxide solution (0.500 mol dm-3). 
3.7 NMR Studies. 
Aldrich D-glucono-Iactone and ISA (0.5 g) were dissolved in Aldrich deuterium 
oxide (5 cm3) to form solutions. These were adjusted to the required pH using 
sodium hydroxide. Solutions in deuterium oxide were also made containing 
the ligand in a 1: 1 mole ratio with the cations of interest to examine the metal-
ligand binding. 
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4 Results and Discussion 
4.1 Measurement of Stoichiometry 
4.1.1 Bjerrum Plots 
4.1.1.1 Cadmium 
Both cadmium gluconate and cadmium ISA appear to form at least two 
complexes over the pH range 6 to 13.3. Below pH 7.9, colourless soluble 
complexes are formed and above this pH, insoluble white precipitates occur, 
which partially redissolved above pH 11. There is no evidence from the 
Bjerrum plots (figures 16, 17) for hydroxide ion participation in the soluble 
complexes. In the insoluble complexes, the cadmium to hydroxide ion ratio is 
between 1: 1.5 and 1:2 for the gluconate complex, and 1: 1.5 for ISA between 
pH 7.9 and 11, as shown by the inflexions in the Bjerrum plot. There is also 
some evidence for a 1:2 ratio complex for cadmium ISA above pH 11. 
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Figure 16. Bjerrum Plot for Cadmium Gluconate. 
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Two obselVations were made for the cerium complexes as the pH was raised. 
At near-neutral pH soluble colourless species were formed. As the pH was 
raised, white precipitates were produced, in the case of cerium gluconate 
above pH 7.6 and for cerium ISA above pH 7.4. 
The complexes formed in acidic and neutral conditions showed no evidence 
of hydroxide ion participation in the cerium gluconate complex (figure 18), but 
contained a cerium to hydroxide ratio of 1: 1, for ISA, as shown by the inflexion 
in the Bjerrum plot, (figure 19). The cerium gluconate complex present in 
alkaline conditions, contained a cerium to hydroxide ratio of 1 :2, as shown in 
figure 18. There were some problems obtaining stable pH readings for this 
complex. The cerium ISA complex at high pH showed a cerium to hydroxide 
ratio of 1:2 (figure 19). 
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Three observations were made for the cobalt gluconate complex as the pH 
increased. At near-neutral pH a soluble pink/purple species was formed. As 
the pH was raised, a pink precipitate was produced which changed colour to 
olive green and then to dark blue when auto-oxidation took place. The cobalt 
gluconate complex was insoluble above pH 7.3, but then became soluble 
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again above pH 11.8. The cobalt ISA complex was also soluble below pH 3, 
again forming a pinkish solution. Above this pH a pink precipitate was formed 
which became darker purple at pH 8.4. This complex remained insoluble 
even at very high pH, and was also prone to auto-oxidation to a brown colour. 
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Figure 20. Bjerrum Plot for Cobalt Gluconate. 
The complex formed in acidic and neutral conditions showed no evidence of 
hydroxide ions being involved for both ligands (figures 20 and 21). The 
insoluble cobalt gluconate complex present in alkaline conditions, contained a 
cobalt to hydroxide ratio of 1:2 for the soluble complex formed at high pH as 
shown in figure 6. The cobalt ISA complex at high pH showed a cobalt to 
hydroxide ratio of 1:2 (figure 21). 
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Three observations were made for the europium gluconate complex as the pH 
increased. Below pH 6.1 a soluble, colourless complex is formed with no 
evidence of hydroxide ion participation. Between pH 6.1 and 7.7 a slightly 
cloudy solution is obtained, also with no evidence of hydroxide ion 
participation (figure 22). Above pH 7.7 a white precipitate is formed, 
containing a europium to hydroxide ion ratio of 1 :4. 
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Figure 22. Bjerrum Plot for Europium Gluconate. 
Three observations were made for the europium ISA complex as the pH 
increased. Below pH 6.5 a soluble, colourless complex is formed with no 
evidence of hydroxide ion participation. Between pH 6.5 and 7.6 a slightly 
cloudy solution is obtained. In this there appears to be evidence for a 
europium to hydroxide ion ratio of 1:1 (figure 23). Above pH 7.6 a white 
precipitate is formed, containing a europium to hydroxide ion ratio of 1 :3. 
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Three observations were made for the holmium gluconate complex as the pH 
increased. Below pH 6.4 a soluble pale pink solution is obtained with a 
holmium to hydroxide ion ratio of 1: 1 (figure 24). Between pH 6.4 and pH 9, 
a white precipitate is formed with a holmium to hydroxide ion ratio of 1 :2. 
Above pH 9 a colourless solution is produced which has a holmium to 
hydroxide ion ratio of 1:3. 
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Three observations were made for the holmium ISA complex as the pH 
increased. Below pH 7.6 a very pale pink, soluble complex is formed with no 
evidence of hydroxide ion participation (figure 25.). Above this pH and up to 
pH 11.2 an insoluble white precipitate is formed with a holmium to hydroxide 
ion ratio of 1 :2. This then becomes soluble forming a colourless solution with 
a holmium to hydroxide ion ratio of 1 :2. 
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Three observations were made for the iron(II) gluconate complex as the pH 
increased. Below pH 6.7 a yellow solution is obtained, and above this pH, a 
green preCipitate, which re-dissolves to fonm a green solution at pH 7.4. The. 
Bjerrum plot for iron(II) gluconate (figure 26) shows a hydroxide ion to iron(II) 
ion ratio in the complex formed at high pH of 1 :4. 
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10.0 11.0 
Two observations were made for the iron(II) ISA complex as the pH 
increased. Below pH 7 a yellow solution is obtained which gradually turns 
green as the pH increases. No precipitate was formed. The Bjerrum plot for 
iron(II) ISA (figure 27) shows a hydroxide ion to iron(II) ion ratio in the 
complex formed at high pH of 1 :2. 
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Figure 27. Bjerrum Plot for Iron(lI) ISA. 
4.1.1.7Iron(lII) 
Three observations were made for the iron(lll) gluconate complex as the pH 
increased. At below pH 3.2 a soluble green species was formed. As the pH 
was raised, a very small amount of green-brown precipitate was produced 
which re-dissolved at pH 3.9, and the complex remained soluble as the pH 
was raised. The iron(III) ISA complex was also soluble below pH 3.2, again 
forming a green solution. Above this pH a green precipitate was formed. This 
complex partially re-dissolved but some remained insoluble even at very high 
pH. 
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Figure 28. Bjerrum Plot for Iron(lII) Gluconate. 
The insoluble iron(lIl) gluconate complex formed between pH 3.2 and pH 3.9 
contained an iron to hydroxide ratio of approximately 1: 1 (figure 28). The 
soluble iron(III) gluconate complex present above pH 3.9, contained a iron(III) 
to hydroxide ratio of 1:3 (figure 28). The soluble iron(III) ISA complex showed 
no evidence of hydroxide ions being involved. The iron(III) ISA complex 
above pH 3.2 showed a iron(III) to hydroxide ratio of between 1:2 and 1 :2.5. 
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4.1.1.8 Nickel 
Three observations were made for both the nickel gluconate and nickel ISA 
complexes as the pH increased. At near-neutral pH soluble green species 
were formed. As the pH was raised green precipitates were produced which 
then became soluble again at high pH. 
The solid nickel gluconate complex formed in mildly alkaline solutions ligands 
contained a nickel to hydroxyl ratio of 2:3 as shown by the inflexion at a ratio 
of 1.5: 1 in the Bjerrum plots, (figure 30). The nickel species present at high 
pH, contained a nickel to hydroxyl ratio of 1:2 as shown by the inflexion at a 
ratio of 2:1. 
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Figure 30. Bjerrum Plot for Nickel Gluconate. 
The solid nickel ISA complex formed in mildly alkaline solutions ligands 
contained a nickel to hydroxyl ratio of 2:3 as shown by the inflexion at a ratio 
of 1.5:1 in the Bjerrum plots, (figure 31). The nickel species present at high 
pH, contained a nickel to hydroxyl ratio of 1:2 as shown by the inflexion at a 
ratio of 2: 1. 
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Figure 31. Bjerrum Plot for Nickel I SA. 
4.1.1.9 Uranium(VI) . 
One observation was made for both the uranium(Vl) gluconate and 
uranium(Vl)ISA complexes as the pH increased. At near-neutral pH soluble 
yellow species were formed which persisted up to pH 13. No evidence was 
found of hydroxide ion participation in the complexes. No precipitates were 
formed. 
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4.1.2 Conductometric Titrations 
4.1.2.1 Cadmium 
4.1.2.1.1 Cadmium Gluconate Type A 
Figure 34 shows the formation of a cadmium gluconate complex with a metal 
to ligand ratio of 1:1 (shown by the change in gradient at 20 cm3 cadmium 
solution added) in the absence of hydroxide ions. 
30 
25 
ii) 
.§. 20 
.. 
u 
c J!I 15 
u 
" ." 5 10 
u 
5 
TYJIft A Coodur;tOrDQtric Tltmtloo on CadmllltD:Glllcpoate System 
y = 0.4568x + 5.2164 
R' = 0.9992 
y = 0.4182x + 5.8727 
R' = 1.0000 
O+---~----~--~~--~----~--~----~----~--~--~ 
o 5 10 15 20 25 30 35 40 45 
Volume 0.1 mol dm~ Cadmium Chloride Solution Added (cm') 
Figure 34. Cadmium Gluconate Conductometric Titration Type A. 
4.1.2.1.2 Cadmium Gluconate Type B 
Figure 35 shows a cadmium to hydroxide ion ratio of 1:2 in the complex 
(shown by the change in gradient at 10 cm3 cadmium solution added). 
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Figure 35. Cadmium Gluconate Conductometric Titration Type B. 
4.1.2.1.4 Cadmium Gluconate Type 0 
45 50 
Figure 36 shows the formation of two complexes when the cadmium to 
hydroxide ion ratio is 1 :2. There is evidence of a cadmium gluconate complex 
of 1:1 stoichiometry (shown by the change in gradient at 10 cm3 cadmium 
solution added), and a 3:1 (cadmium to gluconate) complex (shown by the 
change in gradient at 30 cm3 cadmium solution added). 
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Figure 36. Cadmium Gluconate Conductometric Titration Type D. 
4.1.2.1.5 Cadmium ISA Type A 
40 
Figure 37 shows evidence of the formation of a 2:1 complex (cadmium to ISA) 
(shown by the change in gradient at 10 cm3 cadmium solution added) and a 
1:1 complex (shown by the change in gradient at 20 cm3 cadmium solution 
added)in the absence of hydroxide ions. 
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Figure 37. Cadmium ISA Conductometric Titration Type A. 
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4.1.2.1.6 Cadmium ISA Type B 
Figure 38 shows a cadmium to hydroxide ion ratio of 1:2 in the complex 
(shown by the change in gradient at 10 cm3 cadmium solution added). 
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Figure 38. Cadmium ISA Conductometric Titration Type B. 
4.1.2.1.7 Cadmium ISA Type C 
Figure 39 shows a cadmium to ISA ratio of 1:1 and 3:1 in the complexes 
formed when there are 1.5 hydroxide ions to every calcium ion present 
(shown by the changes in gradient at 10 and 30 cm3 cadmium solution 
added). 
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Figure 39. Cadmium ISA Conductometric Titration Type C. 
4.1.2.1.8 Cadmium ISA Type 0 
Figure 40 shows the fonmation of a complex with a cadmium to ISA ratio of 
1: 1, when there are two hydroxide ions to every calcium ion present (shown 
by the change in gradient at 10 cm3 cadmium solution added). 
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Figure 40. Cadmium ISA Conductometric Titration Type D. 
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4.1.2.2 Cerium 
4.1.2.2.1 Cerium Gluconate Type A 
Figure 41 shows the formation of a 1:1 complex (cerium to gluconate) (shown 
by the change in gradient at 20 cm3 cerium solution added) in the absence of 
hydroxide ions. 
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Figure 41. Cerium Gluconate Conductometric Titration Type A. 
4.1.2.2.2 Cerium Gluconate Type B 
35 
Figure 42 indicates the formation of a complex with a cerium to hydroxide ion 
ratio of 1:2 (shown by the change in gradient at 10 cm3 cerium solution 
added). Problems were obtained establishing stable readings for this 
experiment. 
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Figure 42. Cerium Gluconate Conductometric Titration Type B. 
4.1.2.2.3 Cerium Gluconate Type C 
Figure 43 shows the formation of two complexes. One at a cerium to 
gluconate ratio of 1: 1, and another at a cerium to gluconate ratio of 2: 1 in the 
complexes formed when there are 1.5 hydroxide ions to every cerium ion 
present, (the changes of gradient at 10 cm3 and 20 cm3 cerium solution added 
respectively). 
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Figure 43. Cerium Gluconate Conductometric Titration Type C. 
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4.1.2.2.4 Cerium Gluconate Type D 
Figure 44 shows the formation of two complexes. One at a cerium to 
gluconate ratio of 1: 1, and another at a cerium to gluconate ratio of 2: 1 in the 
complexes formed when there are two hydroxide ions to every cerium ion 
present, (the changes of gradient at 10 cm3 and 20 cm3 cerium solution added 
respectively) . 
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Figure 44. Cerium Gluconate Conductometric Titration Type D. 
4.1.2.2.5 Cerium ISA Type A 
Figure 45 shows some evidence for the fonmation of a cerium ISA complex 
with a metal to ligand ratio of 1: 1, (shown by the slight change in gradient at 
20 cm3 cerium solution added) in the absence of hydroxide ions. 
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Figure 45. Cerium ISA Conductometric Titration Type A. 
4.1.2.2.6 Cerium ISA Type B 
Figure 46 shows a cerium to hydroxide ion ratio of 1:2 in the complex (shown 
by the change in gradient at 10 cm3 cerium solution added). 
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Figure 46. Cerium ISA Conductometric Titration Type B. 
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4.1.2.2.7 Cerium ISA Type C 
Figure 47 shows the formation of a complex with a cerium to ISA ratio of 1: 1 
when there are 1.5 hydroxide ions to every cerium ion present, (shown by the 
change in gradient at 10 cm3 cerium solution added). 
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Figure 47. Cerium ISA Conductometric Titration Type C. 
4.1.2.2.8 Cerium ISA Type 0 
Figure 48 shows a cerium to ISA ratio of 1:1 in the complex formed at high 
pH, when there are two hydroxide ions to every cerium ion present (shown by 
the change in gradient at 10 cm3 cerium solution added). 
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Figure 48. Cerium ISA Conductometric Titration Type D. 
4.1.2.3 Cobalt 
4.1.2.3.1 Cobalt Gluconate Type A 
No evidence was found of a complex being formed, see figure 49. 
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Figure 49. Cobalt Gluconate Conductometric Titration Type A. 
99 
4.1.2.3.2 Cobalt Gluconate Type B 
Figure 50 shows a cobalt to hydroxide ion ratio of 1:2 in the soluble complex 
(shown by the change in gradient at 10 cm 3 cobalt solution added). 
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Figure 50. Cobalt Gluconate Conductometric Titration Type B. 
4.1.2.3.3 Cobalt Gluconate Type C 
Figure 51 shows the formation of a complex with a cobalt to gluconate ratio of 
1: 1 when there were 1.5 hydroxide ions to every cobalt ion present, (shown by 
the change in gradient at 10 cm3 cobalt solution added). This seems to be 
evidence for the formation of C02GI2(OHh at weak alkaline pHs. 
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Figure 51. Cobalt Gluconate Conductometric Titration Type C. 
4.1.2.3.4 Cobalt Gluconate Type D 
Figure 52 shows a cobalt to gluconate ratio of 1: 1 in the complex formed at 
high pH, when there were two hydroxide ions to every cobalt ion present 
(shown by the change in gradient at 10 cm3 cobalt solution added). This is 
again evidence for the formation of CoGI(OH)2. 
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Figure 52. Cobalt Gluconate Conductometric Titration Type D. 
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4.1.2.3.5 Cobalt ISA Type A 
10 cm3 of sodium ISA was used in this experiment. Figure 53 shows the 
formation of a cobalt ISA complex with a metal to ligand ratio of 1: 1, (shown 
by the change in gradient at 10 cm3 cobalt solution added) in the absence of 
hydroxide ions. 
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Figure 53. Cobalt ISA Conductometric Titration Type A. 
4.1.2.3.6 Cobalt ISA Type B 
Figure 54 shows a cobalt to hydroxide ion ratio of 1:2 in the complex (shown 
by the change in gradient at 10 cm3 cobalt solution added). 
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Figure 54. Cobalt ISA Conductometric Titration Type B. 
4.1.2.3.7 Cobalt ISA Type C 
Figure 55 shows the formation of a complex with a cobalt to ISA ratio of 1: 1 
when there were 1.5 hydroxide ions to every cobalt ion present, (shown by the 
change in gradient at 10 cm3 cobalt solution added). 
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Figure 55. Cobalt ISA Conductometric Titration Type C. 
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4.1.2.3.8 Cobalt ISA Type D 
Figure 56 shows the formation of a complex with a cobalt to ISA ratio of 1: 1 
when there were two hydroxide ions to every cobalt ion present, (shown by 
the change in gradient at 10 cm3 cobalt solution added). 
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Figure 56. Cobalt ISA Conductometric Titration Type D. 
4.1.2.4 Europium 
4.1.2.4.1 Europium Gluconate Type A 
Figure 57 shows the formation of a europium complex with a metal to ligand 
ratio of approximately 1: 1, (shown by the change in gradient at 18 cm3 
europium solution added) in the absence of hydroxide ions. There were 
problems obtaining stable readings during this experiment. 
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Figure 57. Europium Gluconate Conductometric Titration Type A. 
4.1.2.4.2 Europium Gluconate Type B 
30 
Figure 58 shows a europium to hydroxide ion ratio of 1:4 in the complex 
(shown by the change in gradient at 5 cm3 europium solution added). There 
were problems obtaining stable readings during this experiment. 
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Figure 58. Europium Gluconate Conductometric Titration Type B. 
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4.1.2.4.3 Europium Gluconate Type D 
Figure 59 shows the formation of a complex with a europium to gluconate 
ratio of 1: 1 when there were two hydroxide ions to every europium ion 
present, (shown by the change in gradient at 20 cm3 europium solution 
added). There were problems obtaining stable readings during this 
experiment. 
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Figure 59. Europium Gluconate Conductometric Titration Type D. 
4.1.2.4.4 Europium ISA Type A 
Figure 60 shows the formation of a europium ISA complex with a metal to 
ligand ratio of 1:1, (shown by the change in gradient at 20 cm3 europium 
solution added) in the absence of hydroxide ions. There were problems 
obtaining stable readings during this experiment. . 
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Figure 60. Europium ISA Conductometric Titration Type A. 
4.1.2.4.5 Europium ISA Type B 
Figure 61 shows a europium to hydroxide ion ratio of 1:3 in the complex 
(shown by the change in gradient at 7 cm3 europium solution added). There 
were problems obtaining stable readings during this experiment. 
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Figure 61. Europium ISA Conductometric Titration Type B. 
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4.1.2.4.6 Europium ISA Type D 
Figure 62 shows the formation of a complex with a europium to ISA ratio of 
1: 1 when there were two hydroxide ions to every europium ion present, 
(shown by the change in gradient at 20 cm3 europium solution added). There 
were problems obtaining stable readings during this experiment. 
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Figure 62. Europium ISA Conductometric Titration Type D. 
4.1.2.5 Holmium 
4.1.2.5.1 Holmium Gluconate Type A 
Slight evidence was found of a one to one holmium gluconate complex being 
formed, (figure 63) shown by the change in gradient at 20 cm3 holmium 
solution added. There were problems obtaining stable readings during this 
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experiment. 
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Figure 63. Holmium Gluconate Conductometric Titration Type A. 
4.1.2.5.2 Holmium Gluconate Type B 
30 
Figure 64 shows a holmium to hydroxide ion ratio of 1:3 in the soluble 
complex (shown by the change in gradient at between 7 and 8 cm3 holmium 
solution added). There were problems obtaining stable readings during this 
experiment. 
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Figure 64. Holmium Gluconate Conductometric Titration Type B. 
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4.1.2.5.3 Holmium Gluconate Type 0 
Figure 65 shows a holmium to gluconate ratio of 2:1 in the complex formed at 
high pH, when there were two hydroxide ions to every holmium ion present 
(shown by the change in gradient at 20 cm3 holmium solution added). There 
were problems obtaining stable readings during this experiment. 
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Figure 65. Holmium Gluconate Conductometric Titration Type D. 
4.1.2.5.4 Holmium ISA Type A 
Evidence was found of a one to one holmium ISA complex being formed, see 
figure 66, shown by the change in gradient at 20 cm3 holmium solution added. 
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Figure 66. Holmium ISA Conductometric Titration Type A. 
4.1.2.5.5 Holmium ISA Type B 
Figure 67 shows a holmium to hydroxide ion ratio of 1:2 in the soluble 
complex (shown by the change in gradient at 10 cm3 holmium solution 
added). 
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Figure 67. Holmium ISA Conductometric Titration Type B. 
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4.1.2.5.6 Holmium ISA Type 0 
Figure 68 shows a holmium to ISA ratio of 2:1 in the complex formed at high 
pH, when there were two hydroxide ions to every holmium ion present (shown 
by the change in gradient at 20 cm3 holmium solution added). 
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Figure 68. Holmium ISA Conductometric Titration Type D. 
4.1.2.6 Iron(lI) 
4.1.2.6.1 Iron(lI) Gluconate Type A 
Figure 69 shows the formation of a iron(lI) gluconate complex with a ratio of 
metal to ligand of approximately 1: 1 in the absence of hydroxide ions (shown 
by the change in gradient at 18 cm3 iron(lI) solution added). 
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Figure 69. Iron(lI) Gluconate Conductometric Titration Type A. 
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4_1.2_6_2 Iron(lI) Gluconate Type B 
Figure 70 shows an iron(II) to hydroxide ion ratio of 1:4 in the complex (shown 
by the change in gradient at 5 cm3 iron(II) solution added). 
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Figure 70. Iron(lI) Gluconate Conductometric Titration Type B. 
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4.1.2.6.3 Iron(lI) Gluconate Type C 
Figure 71 shows the formation of a complex with a iron(II) to gluconate ratio of 
approximately 1: 1 when there are 1.5 hydroxide ions to every iron(II) ion 
present, (shown by the change in gradient at 12 cm3 iron(II) solution added). 
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Figure 71. Iron(lI) Gluconate Conductometric Titration Type C. 
4.1.2.6.4 Iron(lI) Gluconate Type D 
50 
Figure 72 shows the formation of a complex with an iron(II) to gluconate ratio 
of 1: 1 when there are two hydroxide ions to every iron(II) ion present, (shown 
by the change in gradient at 10 cm3 iron(ll) solution added). 
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Figure 72. Iron(lI) Gluconate Conductometric Titration Type D. 
4.1.2.6.5 Iron(lI) ISA Type A 
Figure 73 shows the formation of a iron(lI) ISA complex with a ratio of metal to 
ligand of approximately 1: 1 in the absence of hydroxide ions (shown by the 
change in gradient at 17 cm3 iron(lI) solution added). 
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Figure 73. Iron(lI) ISA Conductometric Titration Type A. 
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4.1.2.6.6 Iron(II) ISA Type B 
Figure 74 shows an iron(lI) to hydroxide ion ratio of approximately 1:2 in the 
complex (shown by the change in gradient at 8 cm3 iron(lI) solution added). 
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Figure 74. Iron(lI) ISA Conductometric Titration Type B. 
4.1.2.6.7 Iron(II) ISA Type C 
Figure 75 shows the formation of a complex with a iron(lI) to ISA ratio of 
approximately 1: 1 when there are 1.5 hydroxide ions to every iron(lI) ion 
present, (shown by the change in gradient at 12 cm3 iron(lI) solution added). 
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Figure 75. Iron(lI) ISA Conductometric Titration Type C. 
4.1.2.6.8 Iron(lI) ISA Type 0 
Figure 76 shows the formation of a complex with a iron(lI) to ISA ratio of 1: 1 
when there are two hydroxide ions to every iron(lI) ion present, (shown by the 
change in gradient at 10 cm3 iron(lI) solution added). 
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Figure 76. Iron(lI) ISA Conductometric Titration Type D. 
3.1.2.7 Iron(lII) 
3.1.2.7.1 Iron(lII) Gluconate Type A 
Figure 77 shows the formation of two iron(lIl) gluconate complexes with 
ratios of metal to ligand of 1:4 and 1: 1 in the absence of hydroxide ions 
(shown by the change in gradient at 5 and 20 cm3 iron(lIl) solution added 
respectively) . 
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Figure 77. Iron(llI) Gluconate Titration Type A. 
4.1.2.7.2Iron(lII) Gluconate Type B 
The changes in gradient at 6 cm3 and 20 cm3 (figure 78) indicate the presence 
of complexes with iron(llI) to hydroxide ion ratios of 1:1 and 1 :3. 
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Figure 78. Iron(lIl) Gluconate Titration Type B. 
118 
4.1.2.7.3Iron(lII) Gluconate Type C 
Figure 79 shows the formation of a complex with a iron(lIl) to gluconate ratio 
of between 1: 1 and 2: 1 when there are 1.5 hydroxide ions to every iron(lII) 
ion present, (shown by the change in gradient at 16 cm3 iron(lIl) solution 
added). 
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Figure 79. Iron(lII) Gluconate Titration Type C. 
4.1.2.7.4Iron(lII) Gluconate Type 0 
.. 
Figure 80 shows the formation of a complex with a iron(llI) to gluconate ratio 
of 1:1 when there are two hydroxide ions to every iron(llI) ion present, (shown 
by the change in gradient at 10 cm3 iron(llI) solution added). 
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Type 0 Conductometric Titration on Iron(IIIl-Gluconata System 
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Figure 80. Iron(llI) Gluconate Titration Type D. 
4.1.2.7.5 Iron(lII) ISA Type A 
40 
Figure 81 shows no evidence of complex formation between iron(llI) and ISA 
in the absence of hydroxide ions below pH 3. 
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Figure 81. Iron(lIl) ISA Titration Type A. 
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4.1.2.7.6Iron(lII) ISA Type B 
Figure 82 shows an iron(llI) to hydroxide ion ratio of between 1:2 and 1:3 in 
the complex (shown by the change in gradient at around 7 to 8 cm3 iron(lIl) 
solution added). 
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Figure 82. Iron(lIl) ISA Titration Type B. 
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4.1.2.7.7Iron(lII) ISA Type C 
Figure 83 shows the formation of a complex with a iron(lII) to ISA ratio of 
around 1.5:1 when there are 1.5 hydroxide ions to every iron(lIl) ion present, 
(shown by the change in gradient at 16 cm3 iron(lII) solution added). 
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Figure 83. Iron(lIl) ISA Titration Type C. 
4.1.2.7.8Iron(lII) ISA Type 0 
45 
Figure 84 shows the formation of a complex with a iron(llI) to ISA ratio of 1:1 
when there are two hydroxide ions to every iron(llI) ion present, (shown by the 
change in gradient at 10 cm3 iron(lIl) solution added). 
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Figure 84. Iron(lIl) ISA Titration Type D. 
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4.1.2.8 Nickel 
4.1.2.8.1 Nickel Gluconate Type A 
Figure 85 shows evidence of complex formation between nickel and gluconic 
acid with metal to ligand ratio of 1: 1 • shown by the inflexion in the graph at 20 
cm3 nickel ions added. 
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Figure 85. Nickel Gluconate Titration Type A. 
4.1.2.8.2 Nickel Gluconate Type B 
Excess (60 cm3) sodium gluconate (0.1 mol dm-3) was added to 40 cm3 of 
sodium hydroxide solution (0.1 mol dm-3) and this was titrated using a burette 
with nickel chloride solution (0.1 mol dm-3). Figure 86 shows a nickel to 
hydroxide ion ratio of 1:2 in the complex (shown by the change in gradient at 
10 cm3 nickel solution added). 
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Figure 86. Nickel Gluconate Titration Type B. 
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4.1.2.8.3 Nickel Gluconate Type C 
Figure 87 shows the formation of a complex with a nickel to gluconic acid ratio / 
of around 2: 1 when there are 1.5 hydroxide ions to every nickel ion present, 
(shown by the change in gradient at 20 cm3 nickel solution added). 
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Figure 87. Nickel Gluconate Titration Type C. 
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4.1.2.8.4 Nickel Gluconate Type 0 
Figure 88 shows the formation of a complex with a nickel to gluconic acid ratio 
of 2:1 when there are two hydroxide ions to every nickel ion present, (shown 
by the change in gradient at 20 cm3 nickel solution added). 
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Figure 88. Nickel Gluconate Titration Type D. 
4.1.2.8.5 NickellSA Type A 
Figure 89 shows evidence of complex formation between nickel and ISA with 
metal to ligand ratio of 1: 1, shown by the inflexion in the graph at 20cm3 nickel 
ions added. 
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Figure 89. Nickel ISA Titration Type A. 
4.1.2.8.6 Nickel ISA Type B 
40 
Excess (60 cm3) sodium isosaccharinate (0.1 mol dm-3) was added to 40 cm3 
of sodium hydroxide solution (0.1 mol dm-3) and this was titrated using a 
burette with nickel chloride solution (0.1 mol dm-3). Figure 90 shows a nickel 
to hydroxide ion ratio of 1:2 in the complex (shown by the change in gradient 
at 10 cm3 nickel solution added). 
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Figure 90. NickellSA Titration Type B. 
4.1.2.8.7 NickellSA Type C 
40 
Figure 91 shows the formation of a complex with a nickel to ISA ratio of 
around 2:1 when there are 1.5 hydroxide ions to every nickel ion present, 
(shown by the change in gradient at 20 cm3 nickel solution added). 
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Figure 91. NickellSA Titration Type C. 
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40 
4.1.2.8.8 Nickel ISA Type 0 
Figure 92 shows the formation of a complex with a nickel to ISA ratio of 2: 1 
when there are two hydroxide ions to every nickel ion present, (shown by the 
change in gradient at 20 cm3 nickel solution added). 
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Figure 92. Nickel ISA Titration Type D. 
4.1.2.9 Uranium(VI) 
All solutions used were carbonate free. 
4.1.2.9.1 Uranium(VI) Gluconate Type A 
40 
Figure 93 shows evidence of complex formation between uranium(Vl) and 
gluconic acid with metal to ligand ratio of 1: 1, shown by the inflexion in the 
graph at 10 cm3 uranium(Vl) added. 
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Figure 93. Uranium(VI) Gluconate Conductometric Titration Type A. 
4.1.2.9.2 Uranium(VI) Gluconate Type B 
Figure 94 shows no evidence of hydroxide ion participation in the complex(es) 
formed. 
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Figure 94. Uranium(Vl) Gluconate Conductometric Titration Type B. 
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4.1.2.9.3 Uranium(VI) ISA Type A 
Figure 95 shows evidence of complex formation between uranium(Vl) and ISA 
with metal to ligand ratio of 1: 1, shown by the inflexion in the graph at 10 cm3 
uranium(Vl) added. 
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Figure 95. Uranium(VI) ISA Conductometric Titration Type A. 
4.1.2.9.4 Uranium(VI) ISA Type B 
18 20 
Figure 96 shows the formation of a complex with a uranium (VI) to hydroxide 
ion ratio of 4: 1 (shown by the change in gradient at 5 cm3 uranium(Vl) solution 
added). 
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Figure 96. Uranium(Vl) ISA Conductometric Titration Type B. 
4.1.3 Spectrophotometric Studies 
4.1.3.1 Spectral Transmission Curves 
4.1.3.1.1 Cadmium 
25 
No absorbance peaks were found for cadmium gluconate or cadmium ISA at 
near-neutral or high pH. 
4.1.3.1.2 Cerium 
Absorbance peaks were found for cerium gluconate and cerium ISA in the 
296 nm area of the spectrum. They were close to the peaks produced by the 
presence of hydroxide ions making use for quantitative analysis difficult, see 
figure 97 below. 
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Figure 97. Spectral Transmission Curves for Cerium Gluconate. 
Curves from left to right: 0.1 mol dm-3 cerium nitrate, 0.1 mol dm-3 cerium nitrate in 1_0 mol 
dm-3 gluconic acid, 0.1 mol dm-3 cerium nitrate in 1.0 mol dm-3 sodium gluconate, 0.1 mol dm-3 
cerium nitrate in 1.0 mol dm-3 sodium gluconate and 2.0 dm-3 sodium hydroxide solution. 
4.1.3.1.3 Europium 
No absorbance peaks were found for europium gluconate or europium ISA at 
near-neutral or high pH. 
4.1.3.1.4 Holmium 
No absorbance peaks were found for holmium gluconate or holmium ISA at 
near-neutral or high pH. 
4.1.3.1.5 Iron{lI) 
No absorbance peaks were found for iron(lI) gluconate or iron(lI) ISA at near-
neutral or high pH. 
4.1.3.1.6 I ron{lII) 
No absorbance peaks were found for iron(lIl) gluconate or iron(lIl) ISA at 
near-neutral or high pH. 
132 
4.1.3.1.7.1 Nickel Gluconate 
The spectral transmission curves were recorded, from 200 to 900 nm, for 
solutions containing nickel chloride, gluconic acid and varying amounts of 
sodium hydroxide. Selected wavelengths, at which the complexes absorbed, 
(370,393,640 and 715 nm) were then used in Job's method of continuous 
variations, and in the mole ratio method. 
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Figure 98. Spectral Studies of the Nickel Gluconate System. 
Curves from Top to Bottom, at the left. 1.0 mol dm·3 gluconic acid, 0.1 mol dm.J nickel 
chloride in 1.0 mol dm·3 sodium gluconate and 2.0 dm·3 sodium hydroxide, 0.1 mol dm.J 
nickel chloride in 1.0 mol dm'3 sodium 9luconate, 0.1 mol dm·3 nickel chloride in 1.0 mol dm.J 
gluconic acid, 0.1 mol dm·3 nickel chloride. 1.0 mol dm·3 sodium gluconate. 
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Figure 99. Spectral Transmission Curves of Nickel Gluconate System in the Region 
of Maximum Absorption. 
From Top to Bottom, 0.05 mol dm-3 nickel chloride in 0.5 mol dm-3 sodium hydroxide and 0.5 
mol dm-3 sodium gluconate, 0.05 mol dm·3 nickel chloride in 0.25 mol dm-3 sodium hydroxide 
and 0.125 mol dm-3 sodium gluconate, 0.05 mol dm-3 nickel chloride in 0.5 mol dm-3 sodium 
gluconate, 0.05 mol dm-3 nickel chloride in 0.25 mol dm-3 gluconic acid and 0.25 mol dm-3 
sodium gluconate, 0.05 mol dm-3 nickel chloride solution in 0.375 mol dm-3 gluconic acid and 
0.125 mol dm-3 sodium gluconate, 0.05 mol dm-3 nickel chloride. 
4.1.3.1.7.2 Nickel ISA 
The spectral transmission curves were recorded, from 200 to 900 nm, for 
solutions containing nickel chloride, ISA and varying amounts of sodium 
hydroxide. Selected wavelengths, at which the complexes absorbed, (370, 
393, 640 and 715 nm) were then used in Job's method of continuous 
variations, and in the mole ratio method. 
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Figure 100. Spectral Transmission Curves of NickellSA System. 
Curves from Top to Bottom, at the left. 0.1 mol dm,3 nickel chloride in 1.0 mol dm-3 sodium 
ISA and 2.0 dm,3 sodium hydroxide, 0.1 mol dm,3 nickel chloride in 1.0 mol dm,3 sodium ISA, 
0.1 mol dm,3 nickel chloride in 1.0 mol dm,3 1SA, 0.1 mol dm,3 nickel chloride solution. 1.0 mol 
dm-3 sodium ISA. 
4.1.3.1.8 Uranium(VI) 
The spectral transmission curves were recorded, from 200 to 900 nm, for 
solutions containing uranyl nitrate, sodium gluconate and varying amounts of 
sodium hydroxide, The wavelength, at which the complexes absorbed, (430 
nm) will be used in Job's method of continuous variations, and in the mole 
ratio method. 
4.1.3.2 Job's Method of Continuous Variations 
4.1.3.2.1 Cerium Gluconate 
The inflexion at a cerium mole ratio of between 0.6 and 0.7 in figure 101 
indicates that, at pH 13.3 the ratio of cerium to gluconate in the complex was 
2:1. 
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Figure 101. Job's Method of Continuous Variations for Cerium Gluconate at High pH. 
4.1.3.1.2 Cerium ISA 
Due to precipitation no evidence could be obtained for cerium ISA at pH 13.3. 
See figure 102 below. 
Continuous Variations Method for Cerium ISA at High pH 
3 
2.5 • • 
• • • 
• 
2 
• 
• 
• 
• 
• • 
• 
• 
0.5 • 
o,----~·----__ ----~--__ ----__ ----~----__ --__ ----__ --~ 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 .• 1.0 
Mole Fraction Cerium 
Figure 102. Job's Method of Continuous Variations for Cerium ISA at High pH. 
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4.1.3.1.3 Nickel Gluconate 
The inflexion at a nickel mole ratio of 0.5 in figure 103 indicates that, at pH 7 
the ratio of nickel to gluconate in the complex was 1: 1. 
Job's Method Nickel Gluconate at Near~eutral 
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Figure 103. Job's Method of Continuous Variations for Nickel Gluconate at Near-
Neutral pH. 
The maximum at a nickel mole fraction of 0.66 at pH 13.3, showed that the 
ratio of nickel to gluconate in the complex was 2:1 (figure 100). 
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Continuous Variations Method Nickel Gluconate at High pH 
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Figure 104. Job's Method of Continuous Variations for Nickel Gluconate at High pH. 
4.1.3.1.4 NickellSA 
The inflexion at a nickel mole ratio of 0.5 in figure 105 indicates that, at pH 7 
the ratio of nickel to ISA in the complex was 1: 1. 
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Figure 105. Job's Method of Continuous Variations for NickellSA at Near-Neutral pH. 
The maximum at a nickel mole fraction of 0.66 at pH 13.3, showed that the 
ratio of nickel to ISA in the complex was 2:1 (figure 106). 
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Figure 106. Job's Method of Continuous Variations for NickellSA at High pH. 
4.1.3.3 Mole Ratio Method 
4.1.3.3.1 Cerium Gluconate and Cerium ISA 
No evidence could be obtained for cerium with gluconate or ISA by this 
method 
4.1.3.3.2 Cobalt Gluconate 
The wavelengths chosen for work on cobalt were those used by Katrin 
Skopek and Andrea Degel [46]. Figure 107 shows a cobalt gluconate 
complex with a metal to ligand ratio of 1:1 at pH 7. The absorbances were 
measured at 281 nm. 
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Mole Ratio Method for Cobalt Gluconate at Near Neutral 
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Figure 107. Mole Ratio Method for Cobalt Gluconate at Near-Neutral pH. 
The maximum between 50 and 60% cobalt in figure 108 shows a cobalt 
gluconate complex with a metal to ligand ratio of 1: 1 at pH 13.3. The 
absorbances were measured at 281 nm. The scatter in this experiment was 
due to small amounts of precipitate being formed. 
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Figure 108. Mole Ratio Method for Cobalt Gluconate at High pH. 
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4.1.3.3.3 Cobalt ISA 
Figure 109 shows a cobalt ISA complex with a metal to ligand ratio of 2: 1 at 
pH 7. The absorbances were measured at 281 nm. This is an anomalous 
result and has been discounted. 
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Figure 109. Mole Ratio Method for Cobalt ISA at Near-Neutral pH. 
4.1.3.3.4 Nickel Gluconate 
The stoichiometry of the nickel gluconate complex formed at pH 7 is 1: 1, as 
shown by the inflexion at a mole ratio of 1: 1 in figure 110. 
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Figure 110. Mole Ratio Method for Nickel Gluconate at Near-Neutral pH. 
The precipitate formed in mildly alkaline solutions contained a nickel to 
hydroxyl ratio of 2:3. This was shown by the minimum at a mole ratio of 0.4 
(figure 111). The maximum at a nickel percentage of 33% showed a nickel to 
hydroxide ratio of 1:2 for the gluconate complex that was formed at high pH. 
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Figure 111. Mole Ratio Method for Nickel Gluconate at High pH. 
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4.1.3.3.5 NickellSA 
The stoichiometry of the nickellSA complex formed at pH 7 is 1:1, as shown 
by the inflexion at a mole ratio of 1: 1 in figure 112. 
Mola Ratio Method for NickellSA at Near-Neutral 
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Figure 112. Mole Ratio Method for NickellSA at Near-Neutral pH. 
The maximum at a nickel percentage of 33% showed a nickel to hydroxide 
ratio of 1:2 for the nickel ISA complex that was formed at pH 13.3 (Figure 
113). 
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Figure 113. Mole Ratio Method for NickellSA at High pH. 
4.1.3.4 Precipitate Absorbance Method 
4.1.3.4.1 Cobalt Gluconate and Cobalt ISA 
100 
Using the method of Ashton and Pickering (47) absorbances were measured 
at high pH with differing cobalt to hydroxide ratios for the two ligands. The 
minima in figures 114 and 115 respectively showed that the precipitate 
contains a mole ratio of 2:3 for the gluconate complex (Co2Gb(OHh) and 1:2 
for the ISA complex. Each solution was allowed to equilibrate for one week, 
under nitrogen, to prevent auto-oxidation at high pH. 
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Absorbance of Cobalt Gluconate Complexes at High pH 
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Figure 114. Precipitate Absorbance Method for Cobalt Gluconate 
Absorbance of Cobalt ISA Complexes at High pH 
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Figure 115. Precipitate Absorbance Method for Cobalt ISA 
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4.2.1 Measurement of Stability Constants 
4.2.1.1 The Schubert (Ion-Exchange) Method for Measuring 
Stability Constants 
4.2.1.1.1 Cadmium 
4.2.1.1.1.1 Cadmium Gluconate at Near-Neutral pH 
At near-neutral pH, the stoichiometry of the cadmium gluconate complex was 
determined to be CdGI. Using 
the derived value for the stability constant was log 13 = 3.81 ± 0.63. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Cd2+(aq) and CdOH+(aq). The stability 
constants used were those in the NIST database (log 13 (CdOH+) = 3.9). The 
speciation was done using the programme CHESS. The Schubert plot for 
this complex (figure 116) also indicated that the ratio of metal to ligand is 1:1 
in the particular complex formed. 
:!. 
":" 
C 
~ 
'" .2 
5.0 
4.0 
3.0 
2.0 
1.0 
0.0 
-1.0 
-2.0 I 
-5 
ScbuhQrt plot for Cadmhlm G1ncpoata at Near.Neutra' 
-4 
y ; 0.698x + 2.9535 
R'; 0.9438 
-3 
log [Gluconate] 
-2 
• 
-1 
Figure 116. Schubert Plot for Cadmium Gluconate at Near-Neutral pH. 
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Figure 117. The Distribution of Cadmium Between a Supernatant containing Gluconic 
Acid and an Ion Exchange Resin at Near-Neutral pH. 
4.2.1.1.1.2 Cadmium Gluconate at pH 10 
At pH = 10, the stoichiometry of the cadmium gluconate complex was 
determined to be CdGI(OHh. Using 
13-(DO 1) A 
- D- [GI][OH]2 
the derived value for the stability constant was log 13 = 11.89 ± 0.66. 
The side-reaction-coefficient (A term) was calculated on the assumption that 
the significant species present were Cd(OHh(aq) and Cd(OHt(aq). The 
stability constants used were those in the NIST database (log 13 (Cd(OHh) = 
7.7 and log 13 (CdOH+) = 3.9). The speciation was done using the 
programme CHESS. 
147 
Cadmium Gluconate at pH 10 (CdGI(OH)2) 
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Figure 118. The Distribution of Cadmium Between a Supernatant containing Gluconic 
Acid and an Ion Exchange Resin at pH 10. 
4.2.1.1.1.3 Cadmium Gluconate at High pH 
At pH = 13.3, the stoichiometry of the cadmium gluconate complex was 
determined to be CdGI(OH)2' Using 
13-(Do 1) A 
D [GI][OH]2 
the derived value for the stability constant was log 13 = 14.24 ± 0.24. 
The side-reaction-coefficient (A term) was calculated on the assumption that 
the significant species present were Cd(OHh(aq), Cd(OHh-(aq) and 
Cd(OH)/-(aq), The stability constants used were those in the NIST database 
(log 13 (Cd(OH)2) = 7.7, log 13 (Cd(OHh') = 10.3 and log 13 (Cd(OH)/) = 8.7). 
The speciation was done using the programme CHESS. 
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Figure 119. The Distribution of Cadmium Between a Supernatant containing Gluconic 
Acid and an Ion Exchange Resin at High pH. 
4.2.1.1-1.4 Cadmium ISA at Near-Neutral pH 
At near-neutral pH, the stoichiometry of the cadmium ISA complex was 
determined to be CdISA. Using 
the derived value for the stability constant was log ~ = 2.97 ± 0.58. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Cd2+(aq) and CdOH+(aq). The stability 
constants used were those in the NIST database (log 13 (CdOH+) = 3.9). The 
speciation was done using the programme CHESS. 
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Figure 120. The Distribution of Cadmium Between a Supernatant containing ISA and 
an Ion Exchange Resin at Near-Neutral pH. 
4.2.1.1.1.5 Cadmium ISA at pH 10 
At pH = 10, the stoichiometry of the cadmium ISA complex was determined to 
be CdISA(OH)2. Using 
13-(DO 1) A 
- D- [ISA][OH]2 
the derived value for the stability constant was log 13 = 11.76 ± 1.12. 
The side-reaction-coefficient (A tenm) was calculated on the assumption that 
the significant species present were Cd(OHl2(aq) and Cd(OH)'{aq). The 
stability constants used were those in the NIST database (log 13 (Cd(OH)2) = 
7.7 and log 13 (CdOH+) = 3.9). The speciation was done using the 
programme CHESS. 
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Figure 121. The Distribution of Cadmium Between a Supematant containing ISA and 
an Ion Exchange Resin pH 10. 
4.2.1.1.1.6 Cadmium ISA at High pH 
At pH = 13.3, the stoichiometry of the cadmium ISA complex was determined 
to be CdISA(OHk Using 
the derived value for the stability constant was log 13 = 11.48 ± 0.11. 
The side-reaction-coefficient (A term) was calculated on the assumption that 
the significant species present were Cd(OHh(aq), Cd(OH)3-(aq) and 
Cd(OH)/-(aq). The stability constants used were those in the NIST database 
(log J3 (Cd(OHh) = 7.7, log J3 (Cd(OH)J-) = 10.3 and log 13 (Cd(OH)i-) = 8.7). 
The speciation was done using the programme CHESS. The Schubert plot 
for this complex (figure 122) also indicated that the ratio of metal to ligand is 
1:1 in the particular complex formed. 
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Figure 122. Schubert Plot for Cadmium ISA at High pH. 
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Figure 123. The Distribution of Cadmium Between a Supernatant containing ISA and 
an Ion Exchange Resin at High pH. 
4.2.1.1.2 Cerium 
4.2.1.1.2.1 Cerium Gluconate at Near-Neutral pH 
At near-neutral pH, the stoichiometry of the cerium gluconate complex was 
determined to be CeG!. Using 
152 
the derived value for the stability constant was log 13 = 2.47 ± 0.76. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Ce3+(aq) and CeOH2+(aq). The stability 
constant used was that in the NIST database (log 13 (CeOH2+(aq» = 4.9). 
The speciation was done using the programme CHESS. 
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Figure 124. The Distribution of Cerium Between a Supematant Containing Gluconic 
Acid and an Ion Exchange Resin at Near-Neutral pH. 
The Schubert plot for this complex (figure 125) also indicated that the ratio of 
metal to ligand is 1: 1 in the particular complex formed. 
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Figure 125. Schubert Plot for Cerium Gluconate at Near-Neutral pH. 
4.2.1.1.2.2 Cerium Gluconate at High pH 
At high pH, the stoichiometry of the cerium gluconate complex was 
determined to be either CeGI(OHh or Ce2GI(OHk Therefore, two different 
constants have been calculated until such time as it is clear which complex is 
actually formed in these circumstances. 
4.2.1.1.2.2.1 CeGI(OH)2 
Using 
13-(00 1) A 
- 0- [GI][OH)2 
the derived value for the stability constant was log 13 = 19.01 ± 0.82. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Ce3+(aq) and Ce(OH)",,(aq) .. The stability 
constant used was that in the CHESS database (log 13 (Ce(OHt(aq» = 
16.362). The speciation was done using the programme CHESS. 
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Figure 126. The Distribution of Cerium Between a Supematant Containing Gluconic 
Acid and an Ion Exchange Resin at High pH for CeGI(OH),. 
4.2.1.1.2.2.2 Ce2GI(OH)4 
Using 
the derived value for the stability constant was log J3 = 43.91 ± 0.60. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was Ce3+(aq) and Ce(OHt(aq). The stability 
constant used was that in the CHESS database (log J3 (Ce(OH)4-(aq)) = 
16.362). The speciation was done using the programme CHESS. 
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Figure 127. The Distribution of Cerium Between a Supematant Containing Gluconic 
Acid and an Ion Exchange Resin at High pH for Ce2GI(OH).. 
4.2.1.1.2.1 Cerium ISA at Near-Neutral pH 
At near-neutral pH, the stoichiometry of the cerium ISA complex was 
determined to be CeISA(OH). Using 
13-(DO 1) A 
D [ISA][OH) 
the derived value for the stability constant was log 13 = 8.93 ± 0.39. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Ce3+(aq) and CeOH2+(aq). The stability 
constant used was that in the NIST database (log 13 (CeOH2+(aq» = 4.9). 
The speciation was done using the programme CHESS. 
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Figure 128. The Distribution of Cerium Between a Supernatant Containing ISA and 
an Ion Exchange Resin at Near-Neutral pH. 
The Schubert plot for this complex (figure129) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
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Figure 129. Schubert Plot for Cerium Gluconate at Near-Neutral pH. 
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4.2.1.1.2.2 Cerium ISA at High pH 
At pH 13.3, the stoichiometry of the cerium ISA complex was determined to 
be either CeISA(OH)2. Using 
the derived value for the stability constant was log 13 = 19.7 ± 0.7. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Ce3+(aq) and Ce(OH),,"(aq). The stability 
constant used was that in the CHESS database (log 13 (Ce(OH)4-(aq» = 
16.362). The speciation was done using the programme CHESS. 
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Figure 130. The Distribution of Cerium Between a Supernatant Containing ISA and 
an Ion Exchange Resin at High pH. 
4.2.1.1.3 Cobalt 
4.2.1.1.3.1 Cobalt Gluconate at Near-Neutral pH 
At near-neutral pH, the stoichiometry of the cobalt gluconate complex was 
determined to be CoGI. Using 
158 
~=(DO -1)~ 
D [GI] 
the derived value for the stability constant was log ~ = 1.01 ± 0.38. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was C02+(aq). The speciation was done using the 
programme CHESS. 
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Figure 131. The Distribution of Cobalt Between a Supematant containing Gluconic 
Acid and an Ion Exchange Resin at Near-Neutral pH. 
The Schubert plot for this complex (figure 132) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
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Figure 132. Schubert Plot for Cobalt Gluconate at Near-Neutral pH. 
4.2.1.1.3.5 Cobalt Gluconate at pH 10 
At pH 10, the stoichiometry of the cobalt gluconate complex was determined 
to be C02GI2(OHh Using 
the derived value for the stability constant was log 13 = 24.49 ± 1.39. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was HCoO£(aq). The stability constants used 
was that in the CHESS database (log 13 (HCo02'(aq» = 9.20). The speciation 
was done using the programme CHESS. 
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Figure 133. The Distribution of Cobalt Between a Supematant Containing Gluconic 
Acid and an Ion Exchange Resin at pH 10. 
4.2.1.1.3.3 Cobalt Gluconate at High pH 
At pH 13.3, the stoichiometry of the cobalt gluconate complex was determined 
to be CoGI(OHJ2. Using 
~_(DO 1) A 
- 0- [GI)[OH]2 
the derived value for the stability constant was log ~ = 13.13 ± 0.81. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was HCo02"(aq). The stability constant used was 
that in the CHESS database (log ~ (HCo02"(aq» = 9.20). The speciation was 
done using the programme CHESS. 
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Figure 134. The Distribution of Cobalt Between a Supematant Containing Gluconic 
Acid and an Ion Exchange Resin at pH 13.3. 
4.2.1.1.3.3 Cobalt ISA at Near-Neutral pH 
At near-neutral pH, the stoichiometry of the cobalt ISA complex was 
determined to be CoISA. Using 
the derived value for the stability constant was log 13 = 1.24 ± 0.11. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was C02+(aq). The speciation was done using the 
programme CHESS. 
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Figure 135. The Distribution of Cobalt Between a Supematant Containing ISA and an 
Ion Exchange Resin at Near-Neutral pH. 
The Schubert plot for this complex (figure 136) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
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Figure 136. Schubert Plot for Cobalt ISA at Near-Neutral pH. 
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4.2.1.1.3.5 Cobalt ISA at pH 10 
At pH 10, the stoichiometry of the cobalt ISA complex was determined to be 
CoISA(OH)2. Using 
J3-(Do 1) A 
- 0- [ISA][OHf 
the derived value for the stability constant was log J3 = 10.81 ± 1.23. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was HCo02'(aq). The stability constants used 
was that in the CHESS database (log J3 (HCoO£(aq» = 9.20). The speciation 
was done using the programme CHESS. 
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Figure 137. The Distribution of Cobalt Between a Supernatant Containing ISA and an 
Ion Exchange Resin at pH 10. 
4.2.1.1.3.6 Cobalt ISA at High pH 
At pH 13.3, the stoichiometry of the cobalt ISA complex was determined to be 
CoISA(OH)2. Using 
J3-(Do 1) A 
- 0- [ISA][OHf 
164 
the derived value for the stability constant was log 13 = 12.40 ± 0.84. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was HCo02-(aq). The stability constants used 
was that in the CHESS database (log 13 (HCoO£(aq)) = 9.20). The speciation 
was done using the programme CHESS. 
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Figure 138. The Distribution of Cobalt Between a Supernatant Containing ISA and an 
Ion Exchange Resin at High pH. 
4.2.1.1.4 Europium 
4.2.1.1.4.1 Europium Gluconate at Near-Neutral pH 
At near-neutral pH, the stoichiometry of the europium gluconate complex was 
determined to be EuGI. Using 
the derived value for the stability constant was log 13 = 2.82 ± 0.30. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was Eu3+(aq). The speciation was done using the 
programme CHESS. 
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Figure 139. The Distribution of Europium Between a Supernatant Containing 
Gluconic acid and an Ion Exchange Resin at Near-Neutral pH. 
The Schubert plot for this complex (figure 140) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
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Figure 140. Schubert Plot for Europium Gluconate at Near-Neutral pH. 
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4.2.1.1.4.2 Europium Gluconate at pH 10 
At pH 10, the stoichiometry of the europium gluconate complex was 
determined to be EuGI(OHk Using 
13-(DO 1) A 
- D- [GI][OH]4 
the derived value for the stability constant was log 13 = 24.19 ± 0.51. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Eu(OH)£ (aq), Eu(OHh (aq) and Eu(OH)4' 
(aq). The stability constants used were those in the CHESS database (log 13 
(Eu(OH)2+ (aq)) = 12.7, log 13 (Eu(OHh (aq)) = 17.2 and log 13 (Eu(OHk(aq)) = 
18.52). The speciation was done using the programme CHESS. 
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Figure 141. The Distribution of Europium Between a Supematant Containing 
Gluconic acid and an Ion Exchange Resin at pH 10. 
4.2.1.1.4.3 Europium Gluconate at High pH 
At pH 13.3, the stoichiometry of the europium gluconate complex was 
determined to be EuGI(OHk Using 
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------------------------------------------------
J3-(DO 1) A 
- 0- [GI][OH]4 
the derived value for the stability constant was log 13 = 24.29 ± 0.29. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was Eu(OHk (aq). The stability constant used 
was that in the CHESS database (log 13 (Eu(OHk(aq» = 18.52). The 
speciation was done using the programme CHESS. 
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Figure 142. The Distribution of Europium Between a Supernatant Containing 
Gluconic acid and an Ion Exchange Resin at High pH. 
The Schubert plot for this complex (figure 143) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
168 
'" 
19 
19 
18 
18 
;; 17 
~17 
:;; 16 
~ 
16 
15 
15 ~ 
Sch •• bpd plot for F •• mph.m Gh'Ca"e+p et High pH 
y = 1.2032x + 22.069 
R' = 0.9685 
14~1------~------~----~------~------~----~ 
-6.0 -5.5 -5.0 -4.5 -4.0 -3.5 
log [Gluconate J 
Figure 143. Schubert Plot for Europium Gluconate at High pH. 
4.2.1.1.4.4 Europium ISA at Near-Neutral pH 
At near-neutral pH, the stoichiometry of the europium ISA complex was 
determined to be EuISA. Using 
-3.0 
the derived value for the stability constant was log 13 = 3.14 ± 0.32. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was Eu3+(aq). The speciation was done using the 
programme CHESS. 
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Figure 144. The Distribution of Europium Between a Supernatant Containing ISA and 
an Ion Exchange Resin at Near-Neutral pH. 
The Schubert plot for this complex (figure 145) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
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Figure 145. Schubert Plot for Europium ISA at Near-Neutral pH. 
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4.2.1.1.4.5 Europium ISA at pH 10 
At pH 10, the stoichiometry of the europium ISA complex was determined to 
be EuGl(OHk Using 
J3-(Do 1) A 
- D- [ISA][OH)3 
the derived value for the stability constant was log 13 = 20.10 ± 0.28. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Eu(OH)£ (aq), Eu(OHh (aq) and Eu(OHk 
(aq). The stability constants used were those in the CHESS database (log 13 
(Eu(OH)2+ (aq)) = 12.7, log 13 (Eu(OHh (aq)) = 17.2 and log 13 (Eu(OH)4-(aq)) = 
18.52). The speciation was done using the programme CHESS. 
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Figure 146. The Distribution of Europium Between a Supematant Containing ISA and 
an Ion Exchange Resin at pH 10. 
4.2.1.1.4.6 Europium ISA at High pH 
At pH 13.3, the stoichiometry of the europium ISA complex was determined to 
be EuISA(OHh. Using 
!7! 
13-(DO 1) A 
- 0- [ISA][OH]3 
the derived value for the stability constant was log 13 = 22.80 ± 0.32. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was Eu(OH)4- (aq). The stability constant used 
was that in the CHESS database (log i3 (Eu(OHk(aq» = 18.52). The 
speciation was done using the programme CHESS. 
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Figure 147. The Distribution of Europium Between a Supernatant Containing 
Gluconic acid and an Ion Exchange Resin at High pH. 
The Schubert plot for this complex (figure 148) also indicated that the ratio of 
metal to ligand is 1: 1 in the particular complex formed. 
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Figure 148. Schubert Plot for Europium ISA at High pH. 
4.2.1.1.5 Holmium 
4.2.1.1.5.1 Holmium Gluconate at Near-Neutral pH 
At near-neutral pH, the stoichiometry of the holmium gluconate complex was 
determined to be HoGI. Using 
the derived value for the stability constant was log 13 = 2.23 ± 0.39. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were H03+(aq) and Ho(OH)2+(aq). The stability 
constant used was that in the NIST database (log 13 (HoOH2+(aq» = 5.69). 
The speciation was done using the programme CHESS. 
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Figure 149. The Distribution of Holmium Between a Supematant Containing Gluconic 
acid and an Ion Exchange Resin at Near-Neutral pH. 
4.2.1.1.5.2 Holmium Gluconate at High pH 
At pH 13.3, the stoichiometry of the holmium gluconate complex was 
determined to be H02GI(OH)s. Using 
the derived value for the stability constant was log /3 = 49.86 ± 0.44. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was Ho(OHk(aq). The stability constant used 
was that in the CHESS database (log 13 (Ho(OHk(aq» = 17.2). The 
speciation was done using the programme CHESS. 
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Figure 150. The Distribution of Europium Between a Supematant Containing 
Gluconic acid and an Ion Exchange Resin at High pH. 
4.2.1.1.5.3 Holmium ISA at Near-Neutral pH 
At near-neutral pH. the stoichiometry of the holmium ISA complex was 
determined to be HoISA. Using 
the derived value for the stability constant was log J3 = 1.95 ± 0.30. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were H03+(aq) and Ho(OH)2+(aq). The stability 
constant used was that in the NIST database (log J3 (HoOH2+(aq)) = 5.69). 
The speciation was done using the programme CHESS. 
175 
Holmium ISA at Near-Neutral 
1.4 
o 
1.2 t:I----u----&-__ 0 
1.0 8 o 
0.8 
D 
0.6 
0.4 
0.2 
O~--_r--_.--~---r_--,_--~ 
19-7 19-6 19-5 19-4 19-3 19-2 19-1 
[ISA] 
Figure 151. The Distribution of Holmium Between a Supernatant Containing ISA and 
an Ion Exchange Resin at Near-Neutral pH. 
4.2.1.1.5.4 Holmium ISA at High pH 
At pH 13.3, the stoichiometry of the holmium ISA complex was determined to 
be H021SA(OHk Using 
the derived value for the stability constant was log f3 = 48.42 ± 0.53. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was Ho(OH)4·(aq). The stability constant used 
was that in the CHESS database (log f3 (Ho(OHk(aq» = 17.2). The 
speciation was done using the programme CHESS. 
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Figure 152. The Distribution of Holmium Between a Supematant Containing ISA and 
an Ion Exchange Resin at High pH. 
4.2.1.1.6 Iron(lI) 
4.2.1.1.6.1 Iron(lI) Gluconate at Near-Neutral pH 
At near-neutral pH, the stoichiometry of the iron(II) gluconate complex was 
detennined to be FeGl. Using 
the derived value for the stability constant was log J3 = 0.85 ± 0.16. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Fe2+(aq) and FeOW(aq). The stability 
constant used was that in the NIST database (log J3 (FeOH+(aq» = 4.2). The 
speciation was done using the programme CHESS. 
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Figure 153. The Distribution of Iron(lI) Between a Supematant Containing Gluconic 
Acid and an Ion Exchange Resin at Near-Neutral pH. 
The Schubert plot for this complex (figure 154) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
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Figure 154. Schubert Plot for Iron(lI) Gluconate at Near-Neutral pH. 
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4.2.1.1.6.2 Iron(lI) Gluconate at High pH 
At pH 13.3, the stoichiometry of the iron(II) gluconate complex was 
determined to be FeGI(OHk Using 
J3-(Do 1) A 
- 0- [GI)[OHJ4 
the derived value for the stability constant was log 13 = 17.75 ± 0.92. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant hydrolysis species present were Fe(OHh·(aq), and Fe(OH)/·(aq). 
The stability constants used were those in the NIST database (log 13 (Fe(OHh-
) = 13, and log 13 (Fe(OH)l-) = 10). The speciation was done using the 
programme CHESS. 
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Figure 155. The Distribution of Iron(lI) Between a Supematant Containing Gluconic 
Acid and an Ion Exchange Resin at High pH. 
4.2.1.1.6.3 Iron(lI) ISA at Near-Neutral pH 
At near-neutral pH, the stoichiometry of the iron(II) ISA complex was 
determined to be FeISA. Using 
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---------~ 
the derived value for the stability constant was log 13 = 0.89 ± 0.29. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Fe2+(aq) and FeOW(aq). The stability 
constant used was that in the NIST database (log 13 (FeOH+(aq)) = 4.2). The 
speciation was done using the programme CHESS. 
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Figure 156. The Distribution of Iron(lI) Between a Supernatant Containing ISA and an 
Ion Exchange Resin at Near-Neutral pH. 
The Schubert plot for this complex (figure 157) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
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Figure 157. Schubert Plot for Iron(II) ISA at Near-Neutral pH. 
4.2.1.1.6.4 Iron(lI) ISA at pH 10 
-1.0 
At pH 10, the stoichiometry of the iron(lI) ISA complex was determined to be 
FeISA(OH)2. Using 
13-(Do 1) A 
- 0- [ISA][OHf 
the derived value for the stability constant was log 13 = 12.59 ± 0.58. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant hydrolysis species present was FeOH+(aq). The stability constant 
used was that in the NIST database (log 13 (FeOH+) = 4.2). The speciation 
was done using the programme CHESS. 
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Figure 158. The Distribution of Iron(lI) Between a Supernatant Containing ISA and an 
Ion Exchange Resin at pH 10. 
The Schubert plot for this complex (figure 159) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
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Figure 159. Schubert Plot for Iron(lI) ISA at pH 10. 
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4.2.1.1.6.5 Iron(lI) ISA at High pH 
At pH 13.3, the stoichiometry of the iron(II) ISA complex was determined to be 
FeISA(OH)2. Using 
the derived value for the stability constant was log 13 = 14.54 ± 0.24. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant hydrolysis species present were Fe(OHh'(aq), and Fe(OH)/·(aq). 
The stability constants used were those in the NIST database (log 13 (Fe(OHh-
) = 13, and log 13 (Fe(OH)/-) = 10). The speciation was done using the 
programme CHESS. 
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Figure 160. The Distribution of Iron(lI) Between a Supernatant Containing ISA and an 
Ion Exchange Resin at High pH. 
The Schubert plot for this complex (figure 161) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
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Figure 161. Schubert Plot for Iron(H) ISA at High pH. 
4.2.1.1.7 Iron(lII) 
4.2.1.1.7.1Iron(lII) Gluconate at Low pH 
At low pH (below 3.2), the stoichiometry of the iron(llI) gluconate complex was 
determined to be FeGI. Using 
the derived value for the stability constant was log 13 = 3.71 ± 0.54. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Fe3+(aq) and FeOH2+(aq). The stability 
constant used was that in the NIST database (log 13 (FeOH2+(aq» = 11.27). 
The speciation was done using the programme CHESS. 
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Figure 162. The Distribution of Iron(III) Between a Supernatant Containing Gluconic 
Acid and an Ion Exchange Resin at Low pH. 
The Schubert plot for this complex (figure 163) also indicated that the ratio of 
metal to ligand is 1: 1 in the particular complex formed. 
3.5 
3.0 
2.5 
2.0 
0.0 
-0.5 
-1.0 
Schubert Plo! for Ironllll) Glucon.1e at Low pH 
• 
'I = 1.045x + 4.432' 
R2 ., 0.9483 
-1.5l-~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-5.0 -4.0 -3.0 -2.0 
log [Gluconate) 
Figure 163. Schubert Plot for Iron(lIl) Gluconate at Low pH. 
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4.2.1.1.7.2Iron(lII) Gluconate at Mid pH 
At mid pH (7). the stoichiometry of the iron(III) gluconate complex was 
determined to be FeGIOH. Using 
13-(DO 1) A 
D [GI][OH] 
the derived value for the stability constant was log 13 = 19.41 ± 0.45. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Fe(OH)2 +(aq) and Fe(OHh(aq). The stability 
constants used were those in the NIST and CHESS databases respectively 
(log 13 Fe(OHh+(aq) = 23.4 and log 13 Fe(OHh(aq) = 29.34). The speciation 
was done using the programme CHESS. 
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Figure 164 The Distribution of Iron(lII) Between a Supematant Containing Gluconic 
Acid and an Ion Exchange Resin at Mid pH. 
The Schubert plot for this complex (figure 165) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
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Figure 165. Schubert Plot for Iron(llI) Gluconate at Mid pH. 
3.2.1.1.7.3Iron(lII) Gluconate at High pH 
At high pH (13.3), the stoichiometry of the iron(llI) gluconate complex was 
determined to be FeGI(OHh. Using 
-1.5 
the derived value for the stability constant was log 13 = 37.87 ± 1.18. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was Fe(OHk(aq). The stability constant used 
was that in the NIST database (log 13 (Fe(OHk(aq)) = 34.4). The speciation 
was done using the programme CHESS. 
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Figure 166 The Distribution of Iron(lII) Between a Supernatant Containing Gluconic 
Acid and an Ion Exchange Resin at High pH. 
The Schubert plot for this complex (figure 167) also indicated that the ratio of 
metal to ligand is 1: 1 in the particular complex formed. 
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Figure 167. Schubert Plot for Iron(lII) Gluconate at High pH. 
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4.2.1.1.7.4Iron(lII) ISA at Low pH 
At low pH (below 3.2), the stoichiometry of the iron(III) ISA complex was 
determined to be FeGI. Using 
the derived value for the stability constant was log 13 = 4.75 ± 0.81. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Fe3+(aq) and FeOH2+(aq). The stability 
constant used was that in the NIST database (log 13 (FeOH2+(aq» = 11.27). 
The speciation was done using the programme CHESS. 
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Figure 168. The Distribution of Iron(lII) Between a Supernatant Containing ISA and 
an Ion Exchange Resin at Low pH. 
The Schubert plot for this complex (figure 169) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
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Figure 169. Schubert Plot for Iron(lII) ISA at Low pH. 
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4.2.1.1.7.2Iron(lII) ISA at Mid pH 
At mid pH (7), the stoichiometry of the iron(lIl) ISA complex was determined to 
be FeISA. Using 
the derived value for the stability constant was log 13 = 12.35 ± 1.08. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Fe(OH)2+(aq) and Fe(OH)J(aq). The stability 
constants used were those in the NIST and CHESS databases respectively 
(log 13 Fe(OH)2+(aq) = 23.4 and log 13 Fe(OH)J(aq) = 29.34). The speciation 
was done using the programme CHESS. 
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Figure 170. The Distribution of Iron(lIl) Between a Supernatant Containing ISA and 
an Ion Exchange Resin at Mid pH. 
The Schubert plot for this complex (figure 171) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
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Figure 171. Schubert Plot for Iron(lII) ISA at Mid pH. 
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4.2.1.1.7.6 Iron(lII) ISA at High pH 
At high pH (13.3), the stoichiometry of the iron(llI) ISA complex was 
determined to be FeISA(OH)2. Using 
the derived value for the stability constant was log 13 = 37.08 ± 0.54. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was Fe(OHk(aq). The stability constant used 
was that in the NIST database (log 13 (Fe(OHk(aq)) = 34.4). The speciation 
was done using the programme CHESS. 
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Figure 172. The Distribution of Iron(lII) Between a Supernatant Containing ISA and 
an Ion Exchange Resin at High pH. 
4.2.1.1.8 Nickel 
4.2.1.1.8.1 Nickel Gluconate at Near-Neutral pH 
At near-neutral pH the stoichiometry of the nickel gluconate complex was 
determined to be NiGI. Using 
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the derived value for the stability constant was log 13 = 1.75 ± 0.66. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Ni2+(aq) and Ni(OHMaq). The stability 
constant used was that in the NIST database (log 13 Ni(OHMaq) = 9). The 
speciation was done using the programme CHESS. 
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Figure 173. The Distribution of Nickel Between a Supematant Containing Gluconic 
Acid and an Ion Exchange Resin at Near-Neutral pH. 
4.2.1.1.8.5 Nickel Gluconate at pH 10 
At pH 10, the stoichiometry of the nickel gluconate complex was determined 
to be NiGI(OHh. Using 
13-(Do 1) A 
- 0- [GI][OH]2 
the derived value for the stability constant was log 13 = 11.38 ± 0.25. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was Ni(OH)2(aq). The stability constant used was 
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that in the NIST database (log 13 (Ni{OHh{aq» = 9). The speciation was done 
using the programme CHESS. 
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Figure 174. The Distribution of Nickel Between a Supernatant Containing Gluconic 
Acid and an Ion Exchange Resin at pH 10. 
The Schubert plot for this complex (figure 175) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
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Figure 175. Schubert Plot for Nickel Gluconate at pH 10. 
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4.2.1.1.8.3 Nickel Gluconate at High pH 
At pH 13.3 the stoichiometry of the nickel gluconate complex was determined 
to be Ni2GI(OHk Using 
the derived value for the stability constant was log 13 = 30.79 ± 0.76 at a nickel 
concentration of 5.5 x 10.9 mol dm·3, 30.92 ± 0.38 at a nickel concentration of 
5.5 x 10.9 mol dm·3 and 30.42 ± 0.21 at a nickel concentration of 5.5 x 10.9 mol 
dm·3. The fact that these values are the same shows that the stoichiometry 
of the complexes formed does not change over the concentration range of 
nickel used in these experiments. Therefore, the use of a single algebraic 
expression to calculate the stability constant is acceptable. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Ni(OHh' (aq) and Ni(OH)/' (aq). The 
stability constants used were those in the NIST and CHESS databases 
respectively (log 13 Ni(OHh- (aq) = 12 and log 13 Ni(OH)/- (aq) = 11). The 
speciation was done using the programme CHESS. 
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Figure 176. The Distribution of Nickel Between a Supernatant Containing Gluconic 
Acid and an Ion Exchange Resin at High pH. 
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4.2.1.1.8.4 NickellSA at Near-Neutral pH 
At near-neutral pH the stoichiometry of the nickellSA complex was 
determined to be NiISA. Using 
the derived value for the stability constant was log 13 = 2.20 ± 0.36. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Ni2+(aq) and Ni(OH)2(aq). The stability 
constant used was that in the NIST database (log 13 Ni(OHh(aq) = 9). The 
speciation was done using the programme CHESS. 
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Figure 177. The Distribution of Nickel Between a Supernatant Containing ISA and an 
Ion Exchange Resin at Near-Neutral pH. 
4.2.1.1.8.5 NickellSA at pH 10 
At pH 10, the stoichiometry of the nickellSA complex was determined to be 
NilSA(OH)2. Using 
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13-(DO 1) A 
- D- [ISA][OH]2 
the derived value for the stability constant was log 13 = 11.45 ± 0.13. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present was Ni(OH)2(aq). The stability constant used was 
that in the NIST database (log 13 (Ni(OH)2(aq» = 9). The speciation was done 
using the programme CHESS. 
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Figure 178. The Distribution of Nickel Between a Supernatant Containing ISA and an 
Ion Exchange Resin at pH 10. 
The Schubert plot for this complex (figure 179) also indicated that the ratio of 
metal to ligand is 1:1 in the particular complex formed. 
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Figure 179. Schubert Plot for NickellSA at pH 10. 
4.2.1.1.8.6 Nickel ISA at High pH 
0.0 
At pH 13.3 the stoichiometry of the nickellSA complex was determined to be 
Ni2ISA(OHk Using 
the derived value for the stability constant was log J3 = 29.85 ± 0.89. The 
side-reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were Ni(OHh- (aq) and Ni(OH)/- (aq). The 
stability constants used were those in the NIST and CHESS databases 
respectively (log J3 Ni(OHh- (aq) = 12 and log J3 Ni(OH)/- (aq) = 11). The 
speciation was done using the programme CHESS. 
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Figure 180. The Distribution of Nickel Between a Supernatant Containing ISA and an 
Ion Exchange Resin at High pH. 
4.2.1.1.9 Uranium(VI) 
4.2.1.1.9.1 Uranlum(VI) Gluconate at Near-Neutral pH 
At near-neutral pH the stoichiometry of the uranium(Vl) gluconate complex 
was determined to be U02GI. Using 
the derived value for the stability constant was log 13 = 6.34 ± 2.41. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were uol+ (aq), U020H+ (aq), and U02(OH)2 
(aq). The stability constants used were those in the NIST and CHESS 
databases respectively (log 13 U020H+ (aq) = 7.7 and log 13 U02(OH)2 = 
17.25). The speciation was done using the programme CHESS. 
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Figure 181. The Distribution of Uranium(Vl) Between a Supematant Containing 
Gluconic Acid and an Ion Exchange Resin at Near-Neutral pH. 
4.2.1.1.9.2 Uranium ISA at Near-Neutral pH 
At near-neutral pH the stoichiometry of the uranium(Vl) gluconate complex 
was determined to be U02ISA. Using 
the derived value for the stability constant was log 13 = 6.50 ± 2.17. The side-
reaction-coefficient (A term) was calculated on the assumption that the 
significant species present were uol+ (aq), U020H+ (aq), and U02(OHh 
(aq). The stability constants used were those in the NIST and CHESS 
databases respectively (log 13 U020W (aq) = 7.7 and log 13 U02(OH)2 = 
17.25). The speciation was done using the programme CHESS. 
200 
Uranium(VI) ISA at Near-Neutral 
500 
o 
400 o 
300 o 
o 
o 
200 
o 
100 
1e~ 1e-6 1e-4 1e-3 1e-2 1e-1 
[ISA1 
Figure 182. The Distribution of Uranium(Vl) Between a Supernatant Containing ISA 
and an Ion Exchange Resin at Near-Neutral pH. 
4.2.1.2 The Solubility Product Method for Measuring Stability 
Constants 
4.2.1.2.1 Uranium(lV) 
4.2.1.2.1.1 Determining the Solubility of Uranium(IV) 
Blank samples without ligand at high pH, near-neutral pH and low PH were 
run to obtain a value, or values, for the solubility product for the precipitate 
formed, in these cases U02 (am). The side-reaction-coefficient (A term) was 
calculated on the assumption that the only significant species present was 
U(OHMaq). The stability constant used was log J3 (U(OH)4) = 46 [43]. The 
speciation was done using the programme CHESS. 
At high pH the solubility of uranium(IV) was shown to be 7.54 x 10-9 mol dm-3, 
which gives a value for the solubility product of log Ksp = -54.12, this 
compares well to the literature value of -54.5[43]. 
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Table 14. Calculation of Solubility Product of Precipitate for Uranium(IV) 
at High pH. 
Counts dpm [U(IV)) Ksp log K •• pH [OH] Eh 
Blanks cpm 
0.59 1.15 13.792 0.6194 -672 
0.66 1.22 13.779 0.6012 -679 
0.56 0.85 13.856 0.7178 -709 
0.56 0.95 13.789 0.6152 -713 
0.56 1.04 13.813 0.6501 -740 
0.44 0.84 13.814 0.6516 -687 
0.44 0.87 13.810 0.6457 -696 
0.5443 0.989 0.444 7.54E-09 7. 54E-55 -54.12 13.808 0.643 Mean 
At near-neutral pH the solubility of uranium(lV) was shown to be 9.36 x 10-9 
mol dm-3, which gives a value for the solubility product of log Ksp = -54.03,this 
also compares well to the literature value of -54.5[43] and suggests that the 
same solid phase is present as at high pH. 
Table 15. Calculation of Solubility Product of Precipitate for Uranium(IV) 
at Near-Neutral pH. 
Counts dpm [U(lV)] KSD log KSD pH [OH] Eh 
Blank No Ligand lmV) 
0.26 0.75 6.62 4. 17E-08 -783 
0.22 0.81 6.79 6. 17E-08 -780 
0.19 0.81 6.44 2.75E-08 -734 
0.23 0.88 6.77 5.89E-08 -719 
0.25 0.77 6.96 9. 12E-08 -781 
0.31 0.76 6.66 4.57E-08 -772 
0.78 6.30 2.00E-08 -761 
0.2433 0.794 0.551 9. 36E-09 9.36E-55 -54.03 6.6486 4.95E-08 Mean 
In acidic conditions (pH ca. 3.5) the solubility of uranium(IV) was shown to be 
2.60 x 10-8 mol dm-3, which gives a value for the solubility product of log Ksp = 
-53.59. This suggests, as has been reported in the literature that the solid 
phase formed at low pH is slightly more amorphous than at higher values [43]. 
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Table 16. Calculation of Solubility Product of Precipitate for Uranium(IV) 
at low pH. 
Counts dpm [U{lV)] ~ log~ -,,-H [OH] Eh 
Blank No Ligand (mV) 
0.59 2.12 3.19 1.55E-11 -765 
0.66 2.01 3.68 4.79E-11 -726 
0.56 1.86 3.23 1.70E-11 -767 
0.56 1.93 3.16 1.45E-11 -703 
0.56 2.10 3.71 5.13E-11 -754 
0.44 2.34 3.83 6.76E-11 -756 
0.44 2.15 3.800 6.31 E-11 -772 
0.544 2.073 1.529 2.60E-08 2.60E-54 -53.59 3.5143 3.95E-11 Mean 
4.2.1.2.1.2 Uranium (IV) Gluconate at low pH 
Determination of a conditional stability constant, based on the assumption of a 
1:1 stoichiometry gave a value of log 13 = 5.79 ± 0.98 for uranium(IV) 
gluconate at low pH (table 17). 
4.2.1.2.1.3 Uranium (IV) Gluconate at Near-Neutral pH 
Determination of a conditional stability constant, based on the assumption of a 
1: 1 stoichiometry gave a value of log 13 = 18.6 ± 3.1 for uranium(IV) gluconate 
at near-neutral pH (table 18). 
4.2.1.2.1.4 Uranium (IV) Gluconate at High pH 
Determination of a conditional stability constant, based on the assumption of a 
1:1 stoichiometry gave a value of log 13 = 49.9 ± 0.75 for uranium(IV) 
gluconate at high pH (table 19). 
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Table 17. Calculation of Stability Constant for Uranium(IV) Gluconate at Low pH. 
[Gluconate] cpm [U.o~ pH [OH] [U4j A [UGI] a Log a Eh 
(mol dm-3) (mol dm-3) I (mol dm-3) I (mol dm-3) I (mol dm-3) i/mV) 
0.0444 250.78 4.258E-06 3.176 1.50E-11 5.140E-11 506.8 4.232E-06 1.866E+06 6.27 -724 
0.0444 259.74 4.410E-06 3.181 1.52E-11 4.909E-11 530.7 4.384E-06 2.024E+06 6.31 -706 
0.0444 238.27 4.046E-06 3.057 1.14E-11 1.538E-10 170.0 4.020E-06 5.925E+05 5.77 -682 
0.0444 163.45 2.775E-06 2.958 9.08E-12 3.828E-10 68.9 2.749E-06 1.633E+05 5.21 -671 
0.0444 152.78 2.594E-06 3.020 1.05E-11 2.163E-10 121.2 2.568E-06 2.702E+05 5.43 -706 
Mean = 5.799 
SD= 0.490 
Table 18. Calculation of Stability Constant for Uranium(IV) Gluconate at Near-Neutral pH. 
rGluconate' cpm . [US01] pH [OH] [u41 A [UGI] a Log (3 Eh 
(mol dm-3) . (mol dm-3) (mol dm-3) (mol dm-3) I (mol dm-3) I (mV) 
0.0444 226.01 3.838E-06 6.453 2.84E-08 1.443E-24 6.486E+15 3.828E-06 5.990E+19 19.78 -755 
0.0444 249.38 4.234E-06 5.993 9.84E-09 9.983E-23 9.376E+13 4.225E-06 9.554E+17 17.98 -696 
0.0444 218.67 3.713E-06 6.198 1.58E-08 1.511 E-23 6.194E+14 3.704E-06 5.535E+18 18.74 -755 
0.0444 259.90 4.413E-06 5.592 3.91E-09 4.011 E-21 2.333E+12 4.404E-06 2.478E+16 16.39 -756 
0.0444 191.26 3.248E-06 6.608 4.06E-08 3.462E-25 2.704E+16 3.238E-06 2.113E+20 20.32 -707 
Mean = 18.644 
SD= 1.551 
Table 19. Calculation of Stability Constant for Uranium(IV) Gluconate at High pH. 
[Gluconate] cpm [U.o~ pH 1°1-il ru4j A rUGI] B Log 13 Eh 
(mol dm,3) (mol dm'3) (mol dm,3) (mol dm'3) (mol dm'3) (mV) 
0,0615 1067.88 1.813E-05 13.789 0.615 5.265E-54 1.432E+45 1.813E-05 5.602E+49 49.75 -683 
0.0615 2728.34 4.633E-05 13.813 0.650 4.221E-54 1.786E+45 4.632E-05 1.786E+50 50.25 -753 
0.0615 1280.79 2.175E-05 13.813 0.650 4.221E-54 1.786E+45 2.174E-05 8.382E+49 49.92 -726 
0.0615 2020.16 3.430E-05 13.810 0.646 4.339E-54 1.738E+45 3.429E-05 1.286E+50 50.11 -663 
0.0615 2788.52 4.735E-05 13.821 0.662 3.921E-54 1.923E+45 4.734E-05 1.965E+50 50.29 -718 
0.0615 2046.78 3.475E-05 13.814 0.652 4.182E-54 1.803E+45 3.475E-05 1.352E+50 50.13 -742 
0.0615 739.32 1.255E-05 13.741 0.551 8.192E-54 9.204E+44 1.255E-05 2.492E+49 49.40 -694 
0.0615 1500.15 2.547E-05 13.753 0.566 7.335E-54 1.028E+45 2.547E-05 5.649E+49 49.75 -743 
0.0615 310.95 5.280E-06 13.764 0.581 6.628E-54 1.138E+45 5.272E-06 1.295E+49 49.11 -707 
0.0615 2026.06 3.440E-05 13.757 0.571 7.069E-54 1.067E+45 3.439E-05 7.917E+49 49.90 -695 
Mean = 49.862 
SD= 0.377 
4.2.1.2.1.5 Uranium (IV) ISA at Low pH 
Determination of a conditional stability constant, based on the assumption of a 
1:1 stoichiometry gave a value of log !3 = 4.91 ± 0.46 for uranium(lV) ISA at 
low pH (table 20). 
4.2.1.2.1.6 Uranium (IV) ISA at Near-Neutral pH 
Determination of a conditional stability constant, based on the assumption of a 
1:1 stoichiometry gave a value of log !3 = 17.91 ± 0.96 for uranium(lV) ISA at 
near-neutral pH (table 21). 
4.2.1.2.1.4 Uranium (IV) ISA at High pH 
Determination of a conditional stability constant, based on the assumption of a 
1:1 stoichiometry gave a value of log !3 = 47.7 ± 1.4 for uranium(lV) ISA at 
high pH (table 22). 
Table 20. Calculation of Stability Constant for Uranium(IV) ISA at Low pH. 
[ISA] cpm [Usal] pH [OH] [U4j A [UISA] 13 Log 13 Eh 
(mol dm-3) I (mol dm-3) I (mol dm-3) I (mol dm-3) (mol dm-3) (mV) 
0.0444 5.91 1.004E-07 3.271 1.87E-11 2.143E-11 1.214E+03 7.433E-08 1.055E+05 5.02 -703 
0.0444 4.17 7.081E-08 3.312 2.05E-11 1.469E-11 1.771E+03 4.479E-08 1.085E+05 5.04 -638 
0.0444 6.71 1.139E-07 3.171 1.48E-11 5.382E-11 4.841E+02 8.788E-08 4.765E+04 4.68 -761 
Mean = 4.91 
SD= 0.203 
Table 21. Calculation of Stability Constant for Uranium(IV) ISA at Near-Neutral pH. 
[I SA] cpm [Usal] pH [OH] [U4j A [UISAl J3 LOjJ 13_ Eh 
(mol dm-J {mol dm-3) I (mol dm-3) (mol dm-3) (mol dm-3) l(mV) 
0.0444 29.06 4.934E-07 6.011 1.03E-08 8.431 E-23 1.107E+14 4.841E-07 1.318E+17 17.12 -705 
0.0444 38.86 6.598E-07 6.270 1.86E-08 7.760E-24 1.202E+15 6.505E-07 1.915E+18 18.28 -751 
0.0444 21.40 3.634E-07 6.258 1.81 E-08 8.667E-24 1.076E+15 3.540E-07 9.443E+17 17.98 -684 
0.0444 27.98 4.751E-07 6.309 2.04E-08 5.419E-24 1.722E+15 4.658E-07 1.975E+18 18.30 -730 
0.0444 25.30 4.296E-07 6.212 1.63E-08 1.324E-23 7.047E+14 4.203E-07 7.308E+17 17.86 -729 
Mean = 17.91 
SD = 0.479 
Table 22. Calculation of Stability Constant for Uranium(IV) ISA at High pH. 
[ISA] cpm [Usol1 pH [OH] [U41 A [UISA] P Log P Eh 
jmol dm·3) (mol dm·3) .(mol dm-1 lmol dm-31. {mol dm-3) (mV) 
0.0615 86.48 1.468E-06 13.601 0.399 2.974E-53 2.54E+44 1.461 E-06 8.028E+47 47.90 -756 
0.0615 8.79 1.493E-07 13.577 0.378 3.710E-53 2.03E+44 1.417E-07 6.542E+46 46.82 -701 
0.0615 176.68 3.000E-06 13.553 0.357 4.628E-53 1.63E+44 2.992E-06 1.054E+48 48.02 -681 
0.0615 411.82 6.993E-06 13.515 0.327 6.567E-53 1.15E+44 6.985E-06 1.732E+48 48.24 -671 
0.0615 2098.53 3.563E-05 13.476 0.299 9.405E-53 8.02E+43 3.563E-05 6. 164E+48 48.79 -730 
0.0615 77.48 1.316E-06 13.484 0.305 8.737E-53 8.63E+43 1.308E-06 2.448E+47 47.39 -679 
0.0615 16.03 2.722E-07 13.449 0.281 1.206E-52 6.25E+43 2.646E-07 3.670E+46 46.56 -665 
0.0615 1462.43 2.483E-05 13.442 0.277 1.286E-52 5.86E+43 2.482E-05 3.140E+48 48.50 -697 
0.0615 73.07 1.241E-06 13.461 0.289 1.080E-52 6.98E+43 1.233E-06 1.868E+47 47.27 -671 
0.0615 89.91 1.527E-06 13.469 0.294 1.003E-52 7.52E+43 1.519E-06 2.475E+47 47.39 -743 
Mean = 47.69 
SD= 0.723 
4.2.1.2.2 Uranium(VI) 
4.2.1.2.2.1 Uranium (VI) Gluconate at High pH 
Blank samples without ligand were run to obtain a value for the solubility 
product for the precipitate, in this case Na2U207(am). A value of log Ksp = -
57.51 was obtained. The side-reaction-coefficient (A term) was calculated on 
the assumption that the significant species present were U02(OH)l-(aq) and 
U02(OH)J-(aq). The stability constants used were those in the NIST database 
(log J3 (U02(OH)l') = 22.2 and log J3 (U02(OH)J-) = 22.2). The speciation 
was done using the programme CHESS. 
Table 23. Calculation of Solubility Product of Precipitate for Uranium(Vl) 
Gluconate at High pH. 
pH dpm [OHl A Term [U]solutlon Ksp log Ksp 
(mol dm-3) 
12.973 14.129 0.0940 1.376E+19 2.54E-07 1.756E-58 -57.76 
13.012 15.249 0.1028 1.817E+19 2. 24E-07 1.353E-58 -57.87 
13.019 14.159 0.1045 1.910E+19 2.40E-07 1.540E-58 -57.81 
12.963 13.449 0.0918 1.282E+19 2.59E-07 1.837E-58 -57.74 
13.036 15.329 0.1086 2.157E+19 2.40E-07 1.534E-58 -57.81 
12.973 19.698 0.0940 1.376E+19 5.89E-07 9.455E-58 -57.02 
13.012 21.998 0.1028 1.817E+19 2.49E-07 1.660E-58 -57.78 
13.019 20.618 0.1045 1.910E+19 3.34E-07 2.993E-58 -57.52 
12.963 19.518 0.0918 1.282E+19 3.74E-07 3.823E-58 -57.42 
13.036 22.318 0.1086 2.157E+19 3.50E-07 3.253E-58 -57.49 
12.973 21.158 0.0940 1.376E+19 1.17E-06 3.767E-57 -56.42 
13.012 23.428 0.1028 1.817E+19 2.59E-07 1.801E-58 -57.74 
13.019 22.138 0.1045 1.910E+19 3. 59E-07 3.453E-58 -57.46 
12.963 21.008 0.0918 1.282E+19 3.98E-07 4.336E-58 -57.36 
13.036 23.428 0.1086 2.157E+19 3.76E-07 3.751E-58 -57.43 
Mean = -57.51 
Determination of a conditional stability constant gave a value of log J3 = 19.9 ± 
2.0 for uranium(Vl) gluconate at high pH (table 24). 
Table 24. Data from Solubility Product Method for Uranium(VI) Gluconate at High pH. 
[Gluconate] 
pH 
[OHl 
dpm A Term 
[U].olutlon [uol1 [UGluc] 
13 Log 13 (mol dm-3) (mol dm-3) (mol dm-3) (mol dm-3) (mol dm-3) 
0_2 12_949 8.89E-02 9099.69 1.16E+19 1.55E-04 2.89E-26 1.54E-04 1.07E+21 21.029 
0.2 12.884 7.66E-02 9455.29 7.32E+18 1.61E-04 4.52E-26 1.60E-04 7.08E+20 20.850 
0.2 12.870 7.41E-02 9026.27 6.63E+18 1.53E-04 4.98E-26 1.53E-04 6.14E+20 20.788 
0.1 12.910 8.13E-02 5331.24 8.80E+18 9.05E-05 3.78E-26 9.02E-05 2.39E+20 20.378 
0.1 12.896 7.87E-02 4713.51 7.97E+18 8.00E-05 4.16E-26 7.97E-05 1.91E+20 20.282 
0.1 12.910 8.13E-02 4280.16 8.80E+18 7.27E-05 3.78E-26 7.23E-05 1.91 E+20 20.282 
0.02 12.933 8.57E-02 533.03 1.04E+19 9.05E-06 3.22E-26 8.72E-06 5.41E+18 18.733 
0.02 12.928 8.47E-02 406.95 1.00E+19 6.91E-06 3. 34E-26 6.58E-06 3.94E+18 18.596 
0.02 12.907 8.07E-02 420.6 8.61E+18 7.14E-06 3.86E-26 6.81E-06 3.53E+18 18.548 
Mean = 19.9 
S.D. = 1.0 
4.2.1.2.2.2 Uranium (VI) ISA at High pH 
The solubility product and side-reaction-coefficient (A term) were calculated 
as for uranium(Vl) gluconate at high pH above. 
Determination of a conditional stability constant gave a value of log 13 = 18.8 ± 
1.6 for uranium(Vl) ISA at high pH. 
Table 25. Data from Solubility Product Method for Uranium(VI) ISA at High pH. 
I [ISA] pH [OHl dpm A Term [U]solutlon [UOll . [UGluc] P Log P 
0.2 12.966 8.89E-02 452.12 1.16E+19 7.68E-06 2.89E-26 7.34E-06 5.09E+19 19.707 
0.2 12.959 7.66E-02 450.66 7.32E+18 7.65E-06 4.52E-26 7.32E-06 3.24E+19 19.510 
0.2 12.978 7.41E-02 447.53 6.63E+18 7.60E-06 4.98E-26 7.27E-06 2.92E+19 19.465 
0.1 12.994 8.13E-02 231.25 8.80E+18 3.93E-06 3.78E-26 3.59E-06 9.51E+18 18.978 
0.1 12.999 7.87E-02 217.50 7.97E+18 3.69E-06 4.16E-26 3.36E-06 8.08E+18 18.907 
0.1 12.984 8.13E-02 221.90 8.80E+18 3.77E-06 3.78E-26 3.44E-06 9.09E+18 18.959 
0.02 13.015 8.57E-02 86.30 1.04E+19 1.47E-06 3.22E-26 1.13E-06 7.02E+17 17.846 
0.02 13.015 8.47E-02 83.97 1.00E+19 1.43E-06 3.34E-26 1.09E-06 6.55E+17 17.816 
0.02 12.984 8.07E-02 86.28 8.61E+18 1.47E-06 3.86E-26 1.13E-06 5.87E+17 17.769 
Mean = 18.8 
S.O. = 0.8 
4.2.1.3 The Measurement of Stability Constants by Polarography 
4.2.1.3.1 Testing for Peaks 
Solutions for the metals and ligands shown in table 26 below were 
polarographed in three different electrolytes, potassium chloride (1 mol dm'\ 
potassium nitrate (1 mol dm·3) and sodium hydroxide (0.1 mol dm-3). 
Table 26. Peaks found for Metals and Ligands using Differential 
Pulse Polarography 
Peak Position (mV) 
Sample KCI KN03 NaOH 
(1 mol dm-') (0.1 mol dm") (1 mol dm-') 
Cadmium(lI) -0.584 -0.536 0.738 P 
Cerium(llI) NUP NUP NUP 
Cobalt(lI) -1.67 cat? -1.26 P -1.67 NUP 
Europium(llI) -0.735 -1.66 -0.637 NUP 
Holmium(lII) -1.64 cat? NUP NUP 
Iron(lI) -1.69 cat NUP -1.57 
Iron(lIl) -1.6 p NUP -0.884 P -1.49 P 
Nickel -1.02 -0.98 P NUP 
Uranium(lV) X X X 
Uranium(VI) -0.17 NUP -0.89 P 
Sodium Gluconate NP NP -1.36-1.69 
Sodium ISA NP NP -0.964 
Sodium Dithionite NP NP NP 
(NP = no peak, NUP = no usable peak, p = poor peak, cat = catalysed reduction of the 
hydrogen ion) x = not performed.) 
4.2.1.3.2 Cadmium 
A calibration curve for cadmium at near-neutral pH has been established 
(figure 183) using the peak at -0.584 mV in a potassium chloride electrolyte (1 
mol dm-\ 
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Figure 183. Calibration Curve for Cadmium at Near-Neutral pH. 
4.2.1.3.2.1 Cadmium Gluconate 
The stoichiometry of this complex has been determined as 1: 1. Polarographic 
measurements at pH = 7 (Table 27), gave a log 13 value of 1.19 ± 0.12 for 
cadmium gluconate. 
4.2.1.3.2.2 Cadmium ISA 
The stoichiometry of this complex has been determined as 1: 1. Polarographic 
measurements at pH = 7 (Table 28), gave a log 13 value of 2.10 ± 0.2570 for 
cadmium ISA. 
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Table 27. Polarographic Data for Cadmium Gluconate at Near-Neutral pH. 
Number Height [Cd] final [Cd] Initial [CdGI] [Gluconate] 13 Log 13 
(A) (mol dm·3) (mol dm-3) (mol dm-3) (mol dm-3) 
1 -5.56E-6 5.11E-04 1.00E-03 4.89E-04 0.050 19.11 1.28 
2 -6.05E-6 5.57E-04 1.00E-03 4.43E-04 0.050 15.93 1.20 
3 -3.72E-6 3.39E-04 6.00E-04 2.61E-04 0.050 15.38 1.19 
4 -3.59E-6 3.27E-04 6.00E-04 2.73E-04 0.050 16.69 1.22 
5 -1.43E-6 1.26E-04 2.00E-04 7.37E-05 0.050 11.68 1.07 
6 -1.36E-6 1.20E-04 2.00E-04 8.04E-05 0.050 13.44 1.13 
1 -6.31E-6 5.81 E-04 1.00E-03 4.19E-04 0.050 14.43 1.16 
2 -5.58E-6 5.13E-04 1.00E-03 4.87E-04 0.050 19.01 1.28 
3 -3.89E-6 3.55E-04 6.00E-04 2.45E-04 0.050 13.80 1.14 
4 -3.55E-6 3.23E-04 6.00E-04 2.77E-04 0.050 17.11 1.23 
5 -1.24E-6 1.09E-04 2.00E-04 9.15E-05 0.050 16.86 1.23 
6 -1.30E-6 1.14E-04 2.00E-04 8.57E-05 0.050 14.99 1.18 
Mean = 1.19 
S.D. = 0.0626 
Table 28. Polarographic Data for Cadmium ISA at Near-Neutral pH. 
Number Height [Cd] final [Cd] Initial [CdISA] [ISA] ~ Log P 
(A) (mol dm-3) (mol dm-3) (mol dm-3) 
1 -1A6E-6 1.29E-04 1.00E-03 8.71E-04 O.OSO 13S.20 2.13 
2 -2.01 E-6 1.80E-04 1.00E-03 8.20E-04 O.OSO 91.01 1.96 
3 -7.90E-7 6.64E-OS 6.00E-04 S.34E-04 O.OSO 160.82 2.21 
4 -9.60E-7 8.22E-OS 6.00E-04 S.18E-04 O.OSO 12S.9S 2.10 
S -4A3E-7 3AOE-OS 2.00E-04 1.66E-04 O.OSO 97.67 1.99 
6 -4.S1E07 3A7E-OS 2.00E-04 1.6SE-04 O.OSO 9S.14 1.98 
1 -1.61E-6 1.43E-04 1.00E-03 8.S7E-04 O.OSO 120.00 2.08 
2 -1.39E-6 1.22E-04 1.00E-03 8.78E-04 O.OSO 143.49 2.16 
3 -8.20E-7 6.92E-OS 6.00E-04 S.31E-04 O.OSO 1S3.S1 2.19 
4 -S.70E-7 4.S8E-OS 6.00E-04 S.S4E-04 O.OSO 241.78 2.38 
S -4.87E-7 3.81E-OS 2.00E-04 1.62E-04 O.OSO 84.99 1.93 
6 -3.64E-7 2.66E-OS 2.00E-04 1.73E-04 O.OSO 130.24 2.11 
Mean = 2.10 
S.D. = 0.1278 
4.2.1.3.1 Nickel Gluconate 
The calibration curve used for measuring the concentration of free nickel after 
complexation using the peak at -1.02 mV in a potassium chloride electrolyte (1 mol 
dm-3) is shown below. 
O.OE+OO 
-1.0E-06 
·2,OE-06 
$: -3.0E-06 
~ 
~ -4.0E-06 
': 
a. -5.0E-06 
-6.0E-06 
·7.0E-06 
Nlck.1 Calibration Curve DPP Peak Height 
y - -5.33E-03x + 1.14E-07 
R~ = 9.97E-01 
-6_0E-06+----~---~---~---~---~---
O_OE+OO 2.0E-04 4.0E-04 6.0E-04 B.OE-04 l.OE-03 1.2E.03 
Nk:ket Concentration (mol din 4) 
Figure 184. Calibration Curve for Nickel at Near-Neutral pH. 
The stoichiometry of this complex has been determined as 1: 1. Polarographic 
measurements at pH = 7 (Table 29), gave a log f3 value of 1.60 ± 0.18 for nickel 
gluconate. 
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Table 29. Polarographic Data for Nickel Gluconate at Near-Neutral pH. 
Number Height [Ni) final [Ni) [NiGI) [Gluconate) p Log p Initial 
(A) (mol dm-3) (mol dm-3) (mol dm-3) (mol dm-3) 
1 -2.06E-6 2.85E-4 1.00E-3 7.15E-4 0.050 50.1 1.70 
2 -2.02E-6 2.79E-4 1.00E-3 7.21E-4 0.050 51.6 1.71 
3 -1.34E-6 1.78E-4 6.00E-4 4.22E-4 0.050 47.4 1.68 
4 -1.71E-6 2.33E-4 6.00E-4 3.67E-4 0.050 31.5 1.50 
5 -7.07E-7 8.39E-5 2.00E-4 1.16E-4 0.050 27.7 1.44 
6 -7.11E-7 8.45E-5 2.00E-4 1.16E-4 0.050 27.4 1.44 
1 -2.38E-6 3.33E-4 1.00E-3 6.67E-4 0.050 40.1 1.60 
2 -2.30E-6 3.21E-4 1.00E-3 6.79E-4 0.050 42.3 1.63 
3 -1.41E-6 1.89E-4 6.00E-4 4.11E-4 0.050 43.7 1.64 
4 -1.42E-6 1.90E-4 6.00E-4 4.10E-4 0.050 43.2 1.64 
5 -6.17E-7 7.05E-5 2.00E-4 1.30E-4 0.050 36.7 1.57 
6 -6.04E-7 6.86E-5 2.00E-4 1.31E-4 0.050 38.7 1.58 
Mean = 39.5 1.60 
4.2.1.3.2 NickellSA 
The stoichiometry of this complex has been determined as 1: 1. Polarographic 
measurements at pH = 7 (Table 30), gave a log 13 value of 2.58 ± 0.14 for nickel ISA. 
218 
Table 30. Polarographic Data for Nickel ISA at Near-Neutral pH. 
Number Height [Ni] final [Ni] [NilSA] [ISA] P Log p Initial 
(A) (mol dm-O ) (mol dm-') (mol dm-') (mol dm-') 
1 -3.00E-7 6.18E-5 1.00E-3 9.38E-4 0.050 30.3 2.48 
2 -2.93E-7 6.04E-5 1.00E-3 9.40E-4 0.050 31.1 2.49 
3 -1.73E-7 3.56E-5 6.00E-4 5.64E-4 0.050 31.7 2.50 
4 -1.50E-7 3.09E-5 6.00E-4 5.69E-4 0.050 36.8 2.57 
5 -5.26E-8 1.08E-5 2.00E-4 1.89E-4 0.050 35.0 2.54 
6 -5.26E-8 1.08E-5 2.00E-4 1.89E-4 0.050 35.0 2.54 
1 -2.31 E-7 4.76E-5 1.00E-3 9.52E-4 0.050 40.0 2.60 
2 -2.23E-7 4.60E-5 1.00E-3 9.54E-4 0.050 41.5 2.62 
3 -1.31E-7 2.70E-5 6.00E-4 5.73E-4 0.050 42.5 2.63 
4 -1.19E-7 2.45E-5 6.00E-4 5.76E-4 0.050 47.0 2.67 
5 -4.15E-8 8.51E-6 2.00E-4 1.91E-4 0.050 45.0 2.65 
6 -4.19E-8 8.59E-6 2.00E-4 1.91E-4 0.050 44.6 2.65 
Mean- 37.7 2.58 
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4.3 Dissociation Constants 
4.3.1 pKa Predictions 
In order to use the BSE equations in STAB to predict stability constants, it is 
necessary to know the pKa(s) of the ligand(s). Unfortunately, it has not been 
possible to measure the higher pKa values of ISA or gluconic acid. This is due to 
the very high pH at which the deprotonations occur, and the very small difference 
between pH values of each individual deprotonation. A simulation of the 
potentiometric titration of gluconic acid is shown below (figure 185). This gives an 
indication ofthe shape of the curve, given the second pKa to be 13, 14 or 15. As 
can be seen there is not enough difference between these curves to allow a 
distinction to be made, particularly when it is bourn in mind that there are 4 
deprotonations occurring in this region, not just one. The simulation was run on the 
computer programme HYSS[49]. 
Simulated Potentiometric Titration for Gluconic Acid 
14,--------------------------------------------------, 
13.8 
13.6 
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12~--~----~--~----~----~--~----~--~----~--~ 
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TItrv 
6 7 8 
Figure 185. Simulated Potentiometric Titration of Gluconic Acid. 
9 10 
However, it has proved possible to obtain predictions for the pKas for ISA and 
gluconic acid using the Advanced Chemistry Development [501 service run by 
various Canadian Universities. The results produced by them are shown below in 
table 31. 
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Table 31. Estimated pKa Values for Gluconic Acid and ISA. 
pKa Gluconic Acid ISA 
1 3.35 (measured) 3.20 (measured) 
2 13.58 14.31 
3 14.33 15.16 
4 15.09 15.61 
5 15.66 16.94 
4.3.2 Measurement of Dissociation Constants of Complexes 
The dissociation constants for various gluconate and ISA complexes formed at low 
pH were measured by potentiometric titration and the results analysed using the 
Hyperquad program produced by Peter Gans from the University of Leeds [49]. The 
dissociation constants of gluconic acid, ISA and the other species involved that were 
used for the calculations are shown in table pkace1 below. The database used was 
NIST. Hydrolysis products appropriate to the pH at which the experiments were run 
were included. 
In theory it should have been possible to measure the stability constants of these 
complexes by this method. However, it was discovered that at the high pH at which 
most of them are formed, no meaningful data could be obtained. As a result of this, 
concentration was focussed on the acidic and neutral regions of the titrations from 
which constants could be obtained. 
4.3.2.1 Cadmium 
No information could be obtained from the titrations performed for cadmium 
gluconate or cadmium ISA, no literature values were found. 
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4.3.2.2 Cerium 
4.3.2.2.1 Cerium Gluconate 
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Figure 186. Potentiometric Titration of Cerium Gluconate Complex. 
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Figure 187. Hyperquad Analysis of Cerium Gluconate Titration 
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Table 32. List of Constants for Cerium Gluconate Titration. 
Species Log J3 Measured Database Estimated 
HGluconate4 • 15.66 X 
H2Gluconate'>- 30.75 X 
H3Gluconate<· 45.08 X 
Water -13.78 X 
H4G1uconate· 58.66 X 
H5Gluconate 62.01 X 
CeH4Gluconate2+ 61.13 X 
CeH3Gluconate + 54.98 X 
CeOH<+ -9.797 X 
The measured value for the reaction: 
is given by 61.13 - 54.98 = 6.15. No information was obtained for the possible 
further dissociation, despite an inflexion in the curve being present. 
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4.3.2.2.2 Cerium ISA 
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Figure 188. Potentiometric Titration of Cerium ISA Complex. 
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Figure 189. Hyperquad Analysis of Cerium ISA Titration 
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Table 33. List of Constants for Cerium ISA Titration. 
Species Log 13 Measured Database Estimated 
HISA4 - 16.94 X 
H2ISAJ- 32.55 X 
H3ISA'- 47.71 X 
Water -13.78 X 
H4 ISA- 62.02 X 
HslSA 65.22 X 
CeH4ISA'+ 64.04 X 
CeH3ISA+ 56.01 X 
CeCH'+ -9.797 X 
The measured value for the reaction: 
Is given by 64.04 - 56.01 = 8.03. No information was obtained for the possible 
further dissociation: 
CeISAH; ;=0 CelSAH2 + H+ 
despite an inflexion in the curve being present. 
4.3.2.3 Cobalt 
4.3.2.3.1 Cobalt Gluconate 
Literature values for the reactions measured by Escandar et al. [51]: 
CoGIAH. + ;=0 CoGIH3 + H+ and CoGIAH3 ;=0 CoGIH; + H' 
are respectively, 4.96 and 8.33. 
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4.3.2.3.2 Cobalt ISA 
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Figure 190. Potentiometric Titration of Cobalt ISA Complex. 
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Figure 191. Hyperquad Analysis of Cerium ISA Titration 
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Table 34. List of Constants for Cobalt ISA Titration. 
Species Log 13 Measured Database Estimated 
HISN- 16.94 X 
H2ISA,)- 32.55 X 
H3ISA2- 47.71 X 
Water -13.78 X 
H4 ISA- 62.02 X 
H51SA 65.22 X 
CoH4 ISA+ 63.26 X 
COH31SA 58.26 X 
CoOH+ -9.797 X 
COH2ISA- 55.11 X 
The measured value for the reaction: 
CoISAH: "" CoISAH3 + H+ 
Is given by 63.26 - 58.26 = 5.00, and for: 
Is given by 58.26 - 55.11 =3.15. 
4.3.2.4 Europium 
4.3.2.4.1 Europium Gluconate 
Literature values for the reactions measured by Kostromina et al. [52]: 
EuGIAH.2+ "" EuGIH3 + + H+ and EuGIAH3 + "" EuGIH2 + H+ 
are respectively, 5.85 and 6.21. 
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4.3.2.4.2 Europium ISA 
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Figure 192. Potentiometric Titration of Europium ISA Complex. 
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Figure 193. Hyperquad Analysis of Europium ISA Titration 
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Table 35. List of Constants for Europium ISA Titration. 
Species Log IJ Measured Database Estimated 
HISA4 - 16.94 X 
H2ISA->- 32.55 X 
H3ISA'- 47.71 X 
Water -13.78 X 
H4 ISA- 62.02 X 
H51SA 65.22 X 
EuH4ISA2+ 64.04 X 
EuH3ISA+ 58.70 X 
EuOHz+ 
-8.36 X 
The measured value for the reaction: 
Is given by 64.04 - 58.70 = 5.34. No information was obtained for the possible 
further dissociation: 
EulSAH3 + ~ EulSAH2 + H+ 
despite an inflexion in the curve being present. 
4.3.2.5 Holmium 
4.3.2.5.1 Holmium Gluconate 
Literature values for the reactions measured by Kostromina et al. [52]: 
HoGIAH;+ ~ HoGIH3 + + H+ and HoGIAH3+ ~ HoGIH2 + H' 
are respectively, 5.7 and 5.46. 
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4.3.2.5.2 Holmium ISA 
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Figure 194. Potentiometric Titration of Holmium ISA Complex. 
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Figure 195. Hyperquad Analysis of Holmium ISA Titration 
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Table 36. List of Constants for Holmium ISA Titration. 
Species Log ~ Measured Database Estimated 
HISN· 16.94 X 
H2ISA3- 32.55 X 
H3ISA'· 47.71 X 
Water -13.78 X 
H4ISA" 62.02 X 
H51SA 65.22 X 
HoH4ISA'+ 63.97 X 
HoH3ISA+ 58.70 X 
HoDH'+ 
-8.09 X 
The measured value for the reaction: 
Is given by 63.97 - 58.70 = 5.27. No information was obtained for the possible 
further dissociation: 
HoISAH3 + "'" HoISAH2 + H+ 
despite an inflexion in the curve being present. 
4.3.2.6 Iron(lI) 
No information could be obtained from the titrations performed for iron(lI) gluconate 
or iron(lI) ISA, no literature values were found. 
4.3.2.7Iron(lII) 
No information could be obtained from the titrations performed for iron(lIl) gluconate 
or iron(llI) ISA, no literature values were found. 
231 
4.3.2.8 Nickel 
4.3.2.8.1 Nickel Gluconate 
Experiments not performed, no literature values were found. 
4.3.2.8.2 Nickel ISA 
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Figure 196. Potentiometric Titration of NickellSA Complex. 
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Figure 197. Hyperquad Analysis of NickellSA Titration. 
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Table 37. List of Constants for Nickel ISA Titration. 
Species Log IJ Measured Database Estimated 
HISA4 - 16.94 X 
H2 ISA:>- 32.55 X 
H3ISN- 47.71 X 
Water -13.78 X 
H4 ISA- 62.02 X 
HslSA 65.22 X 
NiH4 ISA+ 64.04 X 
NiH31SA 59.50 X 
NiGH' -9.68 X 
The measured value for the reaction: 
NiISAH. + "'" NilSAH3 + H+ 
Is given by 64.04 - 59.50 = 4.54. 
4.3.2.9 Uranium(VI) 
Experiments not performed, no literature values found. 
4.4 NMR Studies 
4.4.1 The NMR Spectrum of Gluconic Acid 
For the purposes ofthis section the carbon and hydrogen atoms in gluconic acid, 
open chain form in figure 198, and lactone in figure199, will be labelled thus: 
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O~ /OH 
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OH C 3-H b I 
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Hf 
Figure 198. The Structure of Open Chain D-gluconic Acid. 
Figure 199. The Structure of 1,5 Glucono-Lactone. 
The proton-decoupled carbon-13 spectrum of the D-gluconate molecule at pH14 is 
shown in figure 200. 
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Figure 200. Proton-Decoupled NMR Spectrum of Gluconic Acid at pH 14. 
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For this spectrum, broad-band proton irradiation was used to decouple the proton 
splitting from the carbon signal, resulting in a single carbon peak for every carbon 
atom. The peak at 179.90 ppm has the chemical shift associated with a carbonyl 
group, and may be assigned to the c-1 carbon. An enlargement of the other five 
peaks (figure 201) indicates that the peak at 63.37 ppm is due to the only CH2 group 
(reversed polarity) which means it is carbon 6. 
~===~~ ::;:; 
ori -i N'-; ......; 
r- r-- ..... r- o..D 
11 
Fi9ure 201. NMR Spectrum of Gluconic Acid - Detail. 
The doublet on the two dimensional spectrum (figure 202 from spectrum at pH 13) 
indicates that the peak at 75.19 ppm is due to carbon at the c-2 position, as it is the 
only one with just one neighbouring proton. This gives the shift for the proton on 
carbon-2 (proton a) as 3.94 ppm at pH 14. 
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Figure 202. Two-Dimensional Carbon-Hydrogen NMR Spectrum of Gluconic Acid taken at 
pH 13. 
The proton triplet is formed by the proton on the carbon atom at position c-3 as it is 
coupled with the proton at c-2 (figure 203, from spectrum at pH 13). This means the 
c-3 carbon has the peak at 71.38 ppm and the proton (b) is has a shift of 3.783 ppm 
at pH 14. The coupling of this proton's peak with the peak at 3.37 ppm indicates 
that this is due to the proton on carbon-4 (proton c), which is at 74.11 ppm. 
Therefore, the remaining carbon peak (72.23) must be due to carbon-5, with its 
protons (c and d) having a chemical shift of 3.495 ppm at pH 14. The proton peaks 
for the protons on carbon-6 (e and f) are at 3.53 and 3.42 ppm at pH 14. The peak 
on the proton spectrum at a chemical shift of 4.732 at pH 14 may be due to an 
unexchangeable hydroxy-proton. The fact that there is only one peak here may 
237 
indicate that only one of the hydroxy groups is not exchanging. These assignments 
were made for the spectrum run at pH 14. The others follow the same pattern. 
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Figure 203. Two-Dimensional Hydrogen-Hydrogen NMR Spectrum of Gluconic Acid taken at 
pH 13. 
The assignments are shown for all the gluconic acid spectra run at various different 
pHs. The assignments made for the low pH spectra are complicated by the 
presence of the lactone in solution. It is intended to run other spectra to establish 
whether there is a pattern in the change in chemical shifts of the carbon and 
hydrogen chemical shifts. The results obtained so far are shown in table 38. In the 
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high pH region there is a trend towards higher values of the carbon chemical shift 
with higher pH. 
The assignments match those indicated by Bailey et al. [531, although the exact 
values for the chemical shifts are not the same. Chemical shifts for the protons, and 
for the lactone, were not given in that work, which only ran spectra at high pH. 
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Table 38. Chemical Shifts for Gluconic Acid, Open Chain Molecule only. 
pH 14 13.5 13 5 4 3.5 
1 179.90 179.39 179.16 178.86 177.88 176.7 
2 75.19 74.72 74.519 74.264 73.646 72.888 
Carbon 3 71.38 71.32 71.275 71.226 71.086 70.931 
4 74.11 73.38 73.068 72.776 72.409 71.951 
5 72.23 71.80 71.592 71.438 71.363 71.278 
6 63.37 63.10 62.97 62.88 62.868 62.849 
a 3.94 3.965 3.758 4 4.2 
b 3.783 3.845 3.646 3.88 3.92 
Hydrogen c 3.495 3.565 3.37 3.61 
d 3.495 3.565 3.37 
e and f 3.53 and 3.42 3.63 and 3.46 3.27 and 3.44 
Hydroxy? 4.732 4.711 4.48 Notpresent Not-.£resent NotRl"esent 
4.4.2 The NMR Spectrum of erythro-ISA 
For the purposes of this section the carbon and hydrogen atoms in erythro-
isosaccharinic acid will be labelled as in figures 204 and 205, following van Loon et 
al. [54]: 
O~ /OH 
H C1 I a I 
HO-CS---C2-OH I I 
Hb Hc-,3--Hd 
H-C4-OH 
e I 
Hf-C5-OH I 
Hg 
Figure 204. The Structure of Open Chain erythro ISA. 
Ht #0 
HO", / 0 C1~ 
Cs" / \ /OH 
C4 C2 
He/ "" / \. H C3 \. ~ a 
Hc/ /C~ 
OH 
Hd 
Hb 
Figure 205. The Structure of Isosaccharino-1 ,4-lactone. 
Assignments were made in the same way as for gluconic acid with the major 
difference that it was possible to a large extent to separate the peaks for the lactone 
from those of the open chain. The values, where assignable, including coupling 
constants are shown in table 39. 
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Table 39. Chemical Shifts and Coupling Constants for ISA. 
pH 14 Ambient (lactone) (3.2) 7 (mixture of open chain and lactone) 
Shift (ppm) Split 2JHH Shift (ppm) Split 2JHH Shift (ppm) (OCI Shift (ppm)(Lactone Split 2JHH 
1 180.91 178.80 180.13 178.83 
2 78.05 76.83 77.72 76.80 
Carbon 3 38.51 33.11 37.91 33.13 
4 68.91 79.77 68.55 79.80 
5 66.539 62.76 
6 68.27 63.54 
a 3.466 dId 11.2 3.55 dId 11.5 
b 3.494 3.62 
c 1.600 dd/dd 15 2.182 dd/dd 14.2 1.695 2.190 
Hydrogen d 1.591 2.145 1.53 2.156 
e 3.671 m 4.706 dddd 4.728 
f 3.240 dd/dd 11.6 3.53 dd/dd 12.7 
g 3.300 3.75 
4.4.3 Spectra of Gluconic Acid at High pH with Various 
Metals 
It is intended to analyse the structures of the complexes formed between 
metals and ISA and gluconic acid at high pH using NMR spectroscopy. To 
this end it is necessary to assign the peaks in the same way as above, prior to 
using relaxation data to study the binding of the metal to the complex. Table 
40 below shows the assignments made so far. The more speculative 
assignments are indicated with a question mark. Lanthanum has been 
included in the list of metals used as it is ideal for NMR studies. 
The binding of a metal to the oxygen atoms of the gluconate molecule will 
cause changes on the chemical shifts of the carbon atoms to which the 
oxygen atoms are bonded. Examination of the differences between the 
chemical shifts of the gluconate with and without a cation binding to it suggest 
that carbon-3 has had the greatest change in chemical shift, followed by 
carbon-1 and then, perhaps carbon-2. This would suggest binding by the 
metal at the carboxylate end of the molecule. Van Duin [48] has suggested 
that at high pH, the bonding is via a diol function in the middle of the chain. At 
present this does not seem to be the case for these results. However, it 
should be stated that the investigations presented here are in a preliminary 
phase. 
Table 40. Peak Assignments for Metal Gluconate Complexes at High pH. 
Cation La La Ce Cd Ni 
pH 13.8 13.6 13.9 13.7 13.9 
1 179.6 179.53 179.69 179.52 179.74 
2 74.95 74.85 75.00 74.85 75.03 
Carbon 3 71.56 71.37 71.55 71.40 71.581 
4 73.53 73.39 73.68 73.49 73.71 
5 72.05 71.82 72.09 71.88 72.16 
6 63.31 63.13 63.33 63.19 63.455 
a 4.02 4.015 
b 3.89 3.885 
Hydrogen c 3.614 
d 
e and f 
Hydroxy? 8.42 8.473 
4.4.3.1 Relaxation Data 
The lanthanum gluconate complex has been studied using carbon relaxation 
data. In this the relaxation times of each carbon atom in the metal complex is 
compared with the relaxation times in the free acid. The results are shown in 
table 41 below. 
Table 41. Relaxation Time Data for Gluconic Acid and Lanthanum 
Gluconate. 
Carbon Relaxation Time (ms) 
Acid La Complex 
1 8229 4799 
2 823 552 
3 764 635 
4 882 711 
5 776 642 
6 451 467 
Relaxation time differences of over 200 ms are generally thought to be 
significant. From this data it is obvious that carbon-1 is in a very different 
environment in the complex, suggesting that the metal is binding via the 
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oxygen(s) on that carbon. In slight contrast to the chemical shift data, carbon-
2 seems to be more affected by the presence of the metal than carbon-3. 
One thing this data does suggest is that carbon-6 is not involved in the 
bonding, and therefore, that the molecule is not behaving as a chelate. 
Further work is in progress on the other metals and on the complexes of ISA 
with metals. 
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5.0 Stability Constants from Other Data 
The solubility product method for determining stability constants has been 
used to analyse solubility data for radionuclides presented in Nirex report 
NSS/R376 [28]. In the absence of stoichiometric data for these complexes 
the calculations have been done on the assumption of 1 : 1 complexes, with no 
hydroxide participation. 
5.1 Thorium ISA 
The sodium salt of erythro-ISA was used for this determination at pH 12. The 
A term was calculated to be 1.52 x 1031 . The stability constant was 
determined to be log 13 = 35.9 (table 42). 
Table 42. Data for the Determination of log P for Thorium ISA. 
[ISA]total [Th]solution [Th41 [ThISA] 
P log p (mol dm-J ) (mol dm-J ) (mol dm-J ) (mol dm-J ) 
1.00E-02 2.00E-07 5.66E-41 1.99E-07 3.52E+35 35.55 
1.00E-03 9.20E-08 5.66E-41 9.11 E-08 1.61E+36 36.21 
5.2 Uranium(lV) 
The sodium salt of erythro-ISA was used for this determination at pH 12. The 
A term was calculated to be 3.14 x 1043. The stability constant was 
determined to be log 13 = 47.7 (table 43). This compares with a value of 47.7 
from the experiment at Loughborough. 
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Table 43. Data for the Determination of log 13 for Uranium(IV) ISA. 
[ISA]total [U]solution [U41 [UISA] 
13 log 13 (mol dm-') (mol dm-') (mol dm-') (mol dm-') 
1.00E-02 4.90E-04 1.11E-49 4.86E-04 4.59E+47 47.66 
1.00E-03 1.70E-04 1.11 E-49 1.66E-04 1.79E+48 48.25 
1.00E-04 4.90E-06 1.11E-49 1.40E-06 1.27E+47 47.10 
5.3 Plutonium 
Four determinations were performed for NIREX using different isomers of ISA 
and different cations in the salt. The sodium salt of erythro-ISA was used for 
the first determination, at pH 12. The A term was calculated to be 5.01 x 1037 . 
The stability constant was determined to be log 13 = 44.7 (table 44). 
Table 44. Data for the Determination of log 13 for Plutonium(IV) ISA. 
[ISA]total [PU]solution [Pu41 [PuISA] 
13 Log 13 (mol dm-') (mol dm-') (mol dm-') (mol dm-') 
1.00E-02 7.20E-04 7.99E-48 7.20E-04 9.72E+45 45.99 
1.00E-03 4.80E-05 7.99E-48 4.80E-05 6.31E+45 45.80 
5.00E-04 1.10E-06 7.99E-48 1.10E-06 2.76E+44 44.44 
1.00E-04 4.40E-08 7.99E-48 4.36E-08 5.46E+43 43.74 
1.00E-05 8.00E-09 7.99E-48 7.60E-09 9.52E+43 43.98 
1.00E-06 2.30E-09 7.99E-48 1.90E-09 2.38E+44 44.38 
The calcium salt of erythro-ISA was used for this determination at pH 12 with 
the calcium concentration half that of the ISA. The A term was calculated to 
be 5.01 x 1037. The stability constant was determined to be log 13 = 43.8 
(table 45). 
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Table 45. Data for the Determination of log P for Plutonium(IV) ISA in the 
Presence of Calcium Ions. 
[ISA)total [PU)solutlon [Pu41 [PuISA) 
P Log p (mol dm·') (mol dm·') (mol dm·') (mol dm-') 
1.00E-02 8.00E-05 7.99E-48 B.00E-05 1.01E+45 45.00 
1.00E-03 2.00E-07 7.99E-48 2.00E-07 2.50E+43 43.40 
1.00E-04 1.00E-OB 7.99E-48 9.60E-09 1.20E+43 43.0B 
1.00E-05 4.00E-09 7.99E-48 3.60E-09 4.51E+43 43.65 
The calcium salt of erythro-ISA was used for this determination at pH 12 with 
a calcium concentration of 1 x 10-2 mol dm-3. The A term was calculated to be 
5.01 x 1037 . The stability constant was determined to be log 13 = 43.2 (table 
46). 
Table 46. Data for the Determination of log P for Plutonium(IV) ISA in 
with [Ca21 = 1 x 10.2 mol dm·3• 
[ISA]total [PU]solution [PuJ [PuISA] p Log p (mol dm-J ) (mol dm-J ) (mol dm-') (mol dm-') 
2.50E-03 2.70E-06 7.99E-48 2.70E-06 1.35E+44 44.13 
5.00E-04 9.60E-09 7.99E-48 9.20E-09 2.30E+42 42.36 
The calcium salt of threo-ISA was used for this determination at pH 12. The A 
term was calculated to be 5.01 x 1037. The stability constant was determined 
to be log 13 = 44.4 (table 47). 
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Table 47. Data for the Determination of log IJ for Plutonium(IV) ISA in 
with [Ca21 = 1 x 10.2 mol dm·3• 
[ISA]total [PU]solution [Pu41 [PuISA] 
IJ Log IJ (mol dm·') (mol dm-') (mol dm-') (mol dm-') 
1.00E-02 1.50E-04 7.99E-48 1.50E-04 1.91E+45 45.28 
1.00E-03 3.20E-06 7.99E-48 3.20E-06 4.02E+44 44.60 
1.00E-04 1.40E-08 7.99E-48 1.36E-08 1.70E+43 43.23 
1.00E-05 6.60E-09 7.99E-48 6.20E-09 7.77E+43 43.89 
1.00E-06 5.10E-09 7.99E-48 4.70E-09 5.91E+44 44.77 
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6 Conclusions and Future Work 
6.1 Conclusions 
The work reported here has emphasised the need for determining the 
stoichiometry of a complex before calculation of the stability constants from 
measurements taken using the Schubert method. The measured 
stoichiometries show that the reactions of metals with gluconic acid and ISA 
depend on pH. The stability constants are summarised below. 
6.1.1 Stoichiometry 
6.1.1.1 Cadmium Gluconate 
A summary of the stoichiometric experiment results for the cadmium 
gluconate complexes are shown in table 48 below. These results lead to the 
conclusion that the species present at near-neutral pH is CdGI, and in alkaline 
solutions, CdGI(OH)z. The Bjerrum plot was not very clear, suggesting the 
possibility of a Cd:GI ratio of 1 :1.5, but the conductometric titrations rule out 
that stoichiometry. The conductometric titration result, giving a possibility of a 
complex with a cadmium to gluconate ratio of 3 to 1 at high pH, was 
discounted for calculation of the stability constant. This is because in the 
Schubert method the ligand is in large excess over the metal, so it seems 
much more likely that the ratio would have been one to one. 
The CdGI species has also been observed by Beltowska [55], Pecsok [56], 
Parkash [57] and Talarico [58]. There have also been suggestions, [57] [58] 
of a CdGh species and a CdGh· species [57]. High pH studies of this system 
by Blomqvist [59] suggested the presence of Cd2Gll-. Melton [60] 
postulated the white preCipitate as being Cd3GI2(OHk2H20. Pecsok [56] 
found Cd2Gh(OH)z4- and Cd2GI(OH)4- between pH 13 and 14. None of these 
high pH species was found in this study, but the diversity of results, and their 
disagreement with each other, suggests that it is a very complicated system 
which requires more study. 
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Table 48. Summary of Stoichiometric Conclusions for Cadmium 
Gluconate. 
Description Colourless, White Precipitate White Precipitate Soluble 
pH Below 7.9 7.9t011 Above 11 
Bjerrum Plot No OH- Cd:OH 1:1.5 and Cd:OH 1:2 1:2 
Conductometric Cd:GI1:1 Cd:OH 1:2 and Cd:OH 1:2 and Cd:GI1:1 and 3:1 Cd:GI 1:1 and 3:1 
Schubert Slope Cd:GI1:1 
6.1.1.2 Cadmium ISA 
A summary of the stoichiometric experiment results for the cadmium ISA 
complexes are shown in table 49 below. These results lead to the conclusion 
that the species present at near-neutral pH is CdlSA, and in alkaline solutions, 
CdISA(OHh. The Bjerrum plot was not very clear, suggesting the possibility 
of a Cd:ISA ratio of 1 :1.5 for the species present at pH 10, butthe 
conductometric titrations rule out that stoichiometry. No literature 
investigations of this system have been found. 
Table 49. Summary of Stoichiometric Conclusions for Cadmium ISA. 
Description Colourless, White Precipitate White Precipitate Soluble 
~H Below 7.9 7.9t011 Above 11 
Bierrum Plot No OH- Cd:OH 1:1.5 Cd:OH 1:2 
Conductometric Cd:ISA 2:1 and Cd:ISA 1:1 and 3:1 Cd:OH 1:2 1:1 Cd:OH 1:2 Cd:ISA 1:1 
Schubert Slope Cd:ISA 1:1 Cd:ISA 1:1 
6.1.1.3 Cerium Gluconate 
A summary of the stoichiometric experiment results for the cerium gluconate 
complexes are shown in table 50 below. These results lead to the conclusion 
that the species present at near-neutral pH is CeGl, and in alkaline solutions, 
either CeGI(OHh or Ce2GI(OHk The only other study of this system was by 
Sawyer [61) who found the species Ce2GI(OH)e at high pH. It seems more 
likely, therefore, that the species present in this study was Ce2GI(OH)4, 
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keeping the ratio of metal to ligand the same. However, as was seen above, 
stability constants have been calculated for both possible species. 
Table 50. Summary of Stoichiometric Conclusions for Cerium 
Gluconate. 
Description Soluble, Colourless White Precipitate 
pH Below 7.6 Above 7.6 
Bierrum Plot NoOH Ce:OH 1:2 
Mole Ratio Ce:GI2:1 
Method 
Schubert Slope Ce:GI1:1 
Conductometric Ce:GI1 :1 Ce:OH 1:2 Ce:GI1:1 and 2:1 
6.1.1.4 Cerium ISA 
A summary of the stoichiometric experiment results for the cerium ISA 
complexes are shown in table 51 below. These results lead to the conclusion 
that the species present at near-neutral pH is CeISAOH, and in alkaline 
solutions, CeISA(OH)2. No literature investigations of this system have been 
found. 
Table 51. Summary of Stoichiometric Conclusions for Cerium ISA. 
Description Soluble Colourless White precipitate 
I'..H Below 7.4 Above 7.4 
Bierrum Plot Ce:OH 1:1 Ce:OH 1:2 
Conductometric Ce:ISA 1:1 Ce:OH 1:2 Ce:ISA 1:1 
Schubert Slope Ce:ISA 1:1 
6.1.1.5 Cobalt Gluconate 
A summary of the stoichiometric experiment results for the cobalt gluconate 
complexes are shown in table 52 below. There results indicate that a species 
with the stoichiometry CoG I exists below pH 7.3, one of Co2GI2(OHh between 
7.3 and 11.8, and CoGI(OHh above 11.8. 
There have been many previous studies of this system. Escandar [621 found 
little interaction between cobalt and gluconic acid in acidic conditions. 
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Complexes with a cobalt to gluconate ratio of 1:3 were found when there was 
a large excess of gluconate. These were not found in this study. Pickering 
and Miller have shown the presence of an anionic complex at high pH [63] 
using electro-chromatography, and shown by conductometric titrations that 
between 1.5 and 2 hydroxide ions per mole of cobalt were involved in the 
complex, which agrees with the current study. A spectrophotometric study by 
Martinez [64] also gave a one-to-one cobalt to gluconate stoichiometry up to 
pH 12.6, which again agrees with this study. Panda [65] also found 1:1 
potentiometrically, up to the formation of a precipitate at pH 7.5, as did Ashton 
and Pickering [66], spectrophotometrically. The latter authors also postulated 
that the insoluble species formed at pH 7.5 were C02GI(OHh.xH20 and 
C03Gh(OHh.2H20. Above pH 9.5 there was an anionic species which was 
subject to rapid auto-oxidation, which also happened in this study. Katzin [67] 
also found a one-to-one cobalt to gluconate ratio. Spacu et al. [68] examined 
many mixed cobalt -rare earth- gluconate complexes which are beyond the 
scope of this work, but do indicate the possibility of mixed metal complexes 
with such sugar acids. 
Table 52. Summary of Stoichiometric Conclusions for Cobalt 
Gluconate. 
Description Soluble Pink Purple Pink/Purple Precipitate Soluble 
pH Below 7.3 7.3t011.8 Above 11.8 
Precipitate Absorbance Co:OH 2:3 
Bjerrum Plot NoOH Co:OH 1:2 
Mole Ratio Method Co:GI1:1 Co:GI1:1 Co:GI1:1 
Schubert Slope Co:GI1:1 
Conductometric No evidence Co:GI1:1 Co:OH 1:2 Co:GI1:1 
6.1.1.6 Cobalt ISA 
A summary of the stoichiometric experiment results for the cobalt ISA 
complexes are shown in table 53 below. These results lead to the conclusion 
that the species present at near-neutral pH is ColSA, and in alkaline solutions, 
CoISA(OHh. No literature investigations of this system have been found. 
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Table 53. Summary of Stoichiometric Conclusions for Cobalt ISA. 
Description Soluble Pink Purple Pink Precipitate Precipitate 
pH Below 3 3 to 8.4 Above 8.4 
Precipitate Absorbance Co:OH 1:2 Co:OH 1:2 
Bjerrum Plot NoOH Co:OH 1:2 Co:OH 1:2 
Mole Ratio Method Co:ISA2:1 Co:ISA 1:1 
Schubert Slope Co:ISA 1:1 
Conductometric Co:ISA 1:1 Co:OH 1:2 Co:OH 1:2 Co:ISA 1:1 Co:ISA 1:1 
6.1.1.7 Europium Gluconate 
A summary of the stoichiometric experiment results for the europium 
gluconate complexes are shown in table 54 below. These results lead to the 
conclusion that the species present at near-neutral pH is EuGI, and in alkaline 
solutions, EuGI(OHk The literature investigations of this system have all 
found the presence of EuGI at low pH but none of them have extended the 
study into alkaline regions [69] [70] [71]. 
Table 54. Summary of Stoichiometric Conclusions for Europium 
Gluconate. 
Description Soluble Cloudy Soluble Colourless Precipitate Colourless 
pH Below 6.1 6.1 to 7.7 Above 7.7 
Conductometric Eu:GI1:1 Eu:OH 1:4 EuG11:1 
Bjerrum Plot NoOH NoOH Eu:OH 1:4 
Schubert Slope Eu:GI1:1 Eu:GI1:1 
6.1.1.8 Europium ISA 
A summary of the stoichiometric experiment results for the europium ISA 
complexes are shown in table 55 below. These results lead to the conclusion 
that the species present at near-neutral pH is EuISA, and in alkaline solutions, 
EuISA(OHh The only literature investigation of this system [72] reported the 
presence of EulSA at high pH in the presence of calcium, but no study was 
made of whether a mixed complex was formed. 
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Table 55. Summary of Stoichiometric Conclusions for Europium ISA. 
Description Soluble Slight White Colourless Precipitate Precipitate 
pH Below 6.5 6.5 to 7.6 Above 7.6 
Conductometric Eu:ISA 1:1 Eu:OH 1:3 Eu:ISA 1:1 
Bjerrum Plot NoOH Eu:OH 1:1 Eu:OH 1:3 
Schubert Slope Eu:ISA 1:1 Eu:ISA 1:1 
6.1.1.9 Holmium Gluconate 
A summary of the stoichiometric experiment results for the holmium gluconate 
complexes are shown in table 56 below. These results lead to the conclusion 
that the species present at near-neutral pH is HoGI, and in alkaline solutions, 
H02GI(OH)4 up to pH 9 and then H02GI(OH)6. The literature investigations of 
this system have all found the presence of HoGI at low pH but none of them 
have extended the study into alkaline regions [69] [73]. 
Table 56. Summary of Stoichiometric Conclusions for Holmium 
Gluconate. 
Description Soluble Pink White Soluble Precipitate Colourless 
pH Below 6.4 6.4 to 9 Above 9 
Bierrum Plot NoOH Ho:OH 1:2 Ho:OH 1:3 
Conductometric Ho:GI1:1 Ho:GI2:1 Ho:OH 1:3 Ho:GI2:1 
6.1.1.10 Holmium ISA 
A summary of the stoichiometric experiment results for the holmium ISA 
complexes are shown in table 57 below. These results lead to the conclusion 
that the species present at near-neutral pH is HoISA, and in alkaline solutions, 
H02ISA(OHk No literature study of this system has been found. 
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Table 57. Summary of Stoichiometric Conclusions for Holmium ISA. 
Descr!ption Soluble Pink White Precipitate Soluble Colourless 
~H Below 7.6 7.6 to 11.2 Above 11.2 
Bjerrum Plot NoOH Ho:OH 1:2 Ho:OH 1:2 
Conductometric Ho:ISA 1:1 Ho :ISA2:1 Ho:OH 1:2 Ho :ISA2:1 
6.1.1.11 Iron(lI) Gluconate 
A summary of the stoichiometric experiment results for the iron(lI) gluconate 
complexes are shown in table 58 below. These results lead to the conclusion 
that the species present at near-neutral pH is FeGl, and in alkaline solutions, 
FeGI(OHk Melson and Pickering [741 found that the precipitate was not 
FeG12.2H20 and Panda [751 found FeGI at low pH (3.4). 
Table 58. Summary of Stoichiometric Conclusions for Iron(lI) 
Gluconate. 
Description Yellow Green Precipitate Green Soluble Soluble 
pH Below 6.7 6.7 to 7.4 Above 7.4 
Bjerrum Plot NoOH NoOH Fe(lI):OH 1:4 
Schubert Slope Fe(II):GI 1:1 
Conductometric Fe(II):GI 1:1 Fe(II):OH 1:4 Fe(II):GI1 :1 
6.1.1.12 Iron(lI) ISA 
A summary of the stoichiometric experiment results for the iron(lI) ISA 
complexes are shown in table 59 below. These results lead to the conclusion 
that the species present at near-neutral pH is FelSA, and in alkaline solutions, 
FeISA(OHh- No literature study of this system has been found. 
Table 59. Summary of Stoichiometric Conclusions for Iron(lI) ISA. 
Description Yellow Soluble Green Soluble 
pH Acidic to mild Alkali High pH 
Bjerrum Plot No evidence Fe(II):OH 1:2 
Schubert Slope Fe(II):ISA 1:1 Fe(II): ISA 1: 1 
Conductometric Fe(II): ISA 1: 1 Fe(II):OH between 1:2 and 1:3 Fe(II):ISA 1:1 
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6.1.1.13 Iron{lII) Gluconate 
A summary of the stoichiometric experiment results for the iron(III) gluconate 
complexes are shown in table 60 below. These results lead to the conclusion 
that the species present at low pH is FeGl, at near-neutral pH is FeGIOH, and 
at high pH is FeGI(OHh. The conductometric titrations suggested the 
presence of some species with higher iron(II) to gluconate ratios, but these 
seem unlikely to have formed in preference to the one-to-one species, in the 
conditions present in the Schubert method, due to excess of gluconate 
present. 
This system has been studied on many occasions. Pecsok [76] found 
FeGI2+,FeGlo, FeGr, FeGI(OH)2- and FeGI(OH)/- as the pH was raised. 
Gonzalez -Velasco [77] found Fe3GI(OH)43+ at low pH, and at pH 5.5, FeGlo. 
Then at higher pH Fe2GI2(OH)" and Fe2Gh(OHh- as well as FeGr and 
FeGI(OHf. Zay [78] observed FeGI and Fe2GI. Magureanu [79] found the 
ratio of iron(III) to gluconate was 1: 1 across the pH range. Escandar 
measured constants for FeGI2+, FeGI+, FeGlo and FeGr [80] see below. 
Kaminski [81] also measured constants, in this case for the species FeGIOH2-, 
FeGI(OH)l- and FeGI(OHh3-. Fialkov [82] observed the presence of 
FeGl.2H20 between pH 2 and 4. Nagy [83] observed the complex(es) to be 
soluble then precipitate at 3.5 then redissolve at higher pH levels. He also 
found the species Fe2GI2(OHMH20hNa2 at pH 10 to 12. With the exception 
of one observation by Gonzalez-Velasco and one by Zay, this study agrees 
that the ratio of iron(III) to gluconate is 1:1 across the pH range. This study 
has, along with most other studies, found the species FeGI(OH), as well as 
the FeGI(OHh complex, observed by Kaminski. 
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Table 60. Summary of Stoichiometric Conclusions for Iron(lII) 
Gluconate. 
Slight Green-Description Soluble Green Brown Precipitate Soluble Green 
pH Below 3.2 3.2 to 3.9 Above 3.9 
Bjerrum Plot NoOH Fe(III):OH 1:1 Fe(III):OH 1:3 
Schubert Slope Fe(III):GI 1:1 Fe(III):GI1 :1 Fe(III):GI1:1 
Fe(III):GI 1:1,2:1 
Conductometric Fe(III):GI1:1 and Fe(lIl):GI1:1 and and 4:1 1:4 4:1 Fe(III):OH 1:1 and 
1:3 
6.1.1.14Iron(lII) ISA 
A summary of the stoichiometric experiment results for the iron(lll) ISA 
complexes are shown in table 61 below. These results lead to the conclusion 
that the species present at near-neutral pH is FeISA, and in alkaline solutions, 
FeISA(OHh, although the evidence for the number of hydroxide ions 
participating in the complex is a little uncertain. No literature study of this 
system has been found. 
Table 61. Summary of Stoichiometric Conclusions for Iron(lII) ISA. 
Description Soluble Green Partially Soluble Green 
pH Below 3.2 Above 3.2 
Bjerrum Plot NoOH Fe(III):OH 1:2 to 1 :2.5 
Schubert Slope Fe:ISA 1:1 Fe:ISA 1:1 
Conductometric No evidence Fe(III):OH 1:2 to 1:3 Fe(III): ISA 1.5: 1 and 1: 1 
6.1.1.15 Nickel Gluconate 
A summary of the stoichiometric experiment results for the nickel gluconate 
complexes are shown in table 62 below. These results, and the results of 
Lewis [84] lead to the conclusion that the species present at near-neutral pH 
is NiGI, at pH 10, NiGI(OHh, and in alkaline solutions, Ni2GI(OHk Joyce and 
Pickering [42] also found these species and measured constants for them, 
see below. Spacu [68]has described the formation of mixed nickel-rare-earth-
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gluconate complexes. Other studies have been made on this system, none 
have produced results relevant to it. 
Table 62. Summary of Stoichiometric Conclusions for Nickel 
Gluconate. 
Description Soluble Green Green Soluble Green Precipitate 
pH Below 7.2 7.2 to 9.6 Above 9.6 
Bjerrum Plot NoOH Ni:OH 1:1.5 Ni:OH 1:2 
Mole Ratio Method Ni:GI1:1 Ni:OH 1:1.5 Ni:OH 1:2 
Continuous Variations Ni:GI1:1 Ni:GI2:1 
Conductometric Ni:GI1:1 Ni:GI2:1 Ni:GI2:1 Ni:OH 1:2 
6.1.1.16 NickellSA 
A summary of the stoichiometric experiment results for the nickel ISA 
complexes are shown in table 63 below. These results, and the results of 
Lewis [84] lead to the conclusion that the species present at near-neutral pH 
is NiISA, at pH 10, NilSA(OHh, and in alkaline solutions, Ni2ISA(OH)4 No 
literature study of this system has been found. 
Table 63. Summary of Stoichiometric Conclusions for Nickel ISA. 
Description Soluble Green Green Soluble Green Precipitate 
pH Below 7.2 7.0 to 10.2 Above 10.2 
Bjerrum Plot NoOH Ni:OH 1:1.5 Ni:OH 1:2 
Mole Ratio Method Ni:ISA 1:1 Ni:OH 1:1.5 Ni:OH 1:2 
Continuous Variations Ni:ISA 1:1 Ni:ISA 2:1 
Schubert Slope 
Conductometric Ni:ISA 1:1 Ni:ISA2:1 Ni:ISA 2:1 Ni:OH 1:2 
6.1.1.17 Uranium(IV) Gluconate 
No stoichiometric experiments have been performed on uranium(lV) 
complexes. No literature study of this system has been found. 
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6.1.1.18 Uranium(IV) ISA 
No stoichiometric experiments have been performed on uranium(IV) 
complexes. No literature study of this system has been found. 
6.1.1.19 Uranium(VI) Gluconate 
A summary of the stoichiometric experiment results for the uranium(VI) 
gluconate complexes are shown in table 64 below. The complex(es) formed 
seem to be simply of the type U02GI across the pH range. Sawyer [85] 
postulated the existence of a complex U02GI(OHh for which a constant was 
measured, see below. However, no evidence of hydroxide participation could 
be found in these complexes by this study. 
Table 64. Summary of Stoichiometric Conclusions for Uranium(VI) 
Gluconate. 
Description Soluble Yellow 
Bjerrum Plot NoOH 
Conductometric l!(VI}:GI 1: 1 No OH 
6.1.1.20 Uranium(VI) ISA 
A summary of the stoichiometric experiment results for the uranium(VI) ISA 
complexes are shown in table 65 below. The complex formed at near-neutral 
pH is U021SA and at pH13.3 U02ISA(OHk No literature study of this system 
has been found. 
Table 65. Summary of Stoichiometric Conclusions for Uranium(VI) 
ISA. 
Description Soluble Yellow 
Bjerrum Plot NoOH 
Conductometric U(VI):ISA 1:1 
No OH at NN at High pH 1:4 
The stoichiometries of the species observed in this study are summarised in 
tables 66 and 67 below. 
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Table 66. Summary of Stoichiometries of Gluconate Species for 
which Constants have been Measured. 
Cation Low pH Near-Neutral pH 10 High pH 
Cd<+ CdGI CdGI(OH)2 CdGI(OHh 
Ceo+ CeGI CeGI(OH)2 or C~GI(OH)4 
Co<+ CoGI C02GI2(OH)3 CoGI(OHh 
Eu"+ EuGI EuGI(OH)4 EuGI(OH)4 
Hoo+ HoGI H02GI(OH)6 
Fe<+ FeGI FeGI(OH)4 
Fe"+ FeGI FeGIOH FeGI(OH)3 
NiL + NiGI NiGI(OHh NbGI(OH)4 
U4 + UGla UGla UGla 
UO/+ U02GI U02GI 
a = assumed stoichiometry 
Table 67. Summary of Stoichiometries of ISA Species for which 
Constants have been Measured. 
Cation Low pH Near-Neutral pH 10 High pH 
CdL+ CdlSA CdISA(OHh CdISA(OHh 
Ceo+ CelSAOH CeISA(OH)2 
Co<+ ColSA CoISA(OHh CoISA(OHh 
Eu"+ EulSA EuISA(OHh EuISA(OHh 
HoJ + HolSA H02ISA(OH)4 
Fe<+ FelSA FeISA(OHh FeISA(OHh 
Feo+ FelSA FelSA FeISA(OH)2 
NiL+ NilSA NilSA(OHh Ni2ISA(OH)4 
U4 + UISAa UISA" UISAa 
U02<+ U021SA U02ISA(OH)4 
a = assumed stoichiometry 
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6.1.2 Stability Constants 
6.1.2.1 Gluconate Complexes 
The measured, and literature, values are shown in table 68 below. 
6.1.2.1.1 Cadmium 
The literature values in the NIST database are log J3 (CdGI) = 1.15 and log J3 
(CdGI2 = 2.09). The measurement in this study performed by polarography 
(log J3 = 1.19) showed good agreement with the database value. However, 
the Schubert method has produced a value (log J3 = 3.81) much in excess of 
this, when it has been assumed that the same species (CdGI) was being 
measured. It can only be assumed that, in reality, the species present in the 
Schubert method experiments was not CdGI. The value for pH 10 was 
determined to be log J3 = 11.89, and for pH 13.3, log J3 = 14.24. Thus 
although the complexes have the same stoichiometry, it seems likely that the 
complexes are different, in terms of their structure and/or bonding. Pecsok 
[56] obtained values of log J3 = 10.2 for Cd2GI3(OH)z4- and log J3 = 8.7 for 
Cd2GI(OH)4- although these values have not been accepted for inclusion in 
the critical databases. 
6.1.2.1.2 Cerium 
The value for near-neutral pH was determined to be log J3 = 2.47 and for pH 
13.3, log J3 = 43.91, if it assumed that the complex contains a metal to ligand 
ratio of two to one. A constant of log J3 = 2.36 was obtained for CeGI by 
Marcu [86], which is very close to the value obtained in thsi study, but it has 
not satisfied the criteria for inclusion in the list of critically selected values 
(NIST). The only other constant available in the literature is from Sawyer [61] 
for the complex Ce2GI(OH)6 for which log J3 = 39.6, which is a reasonably 
similar value for a similar complex. 
6.1.2.1.3 Cobalt 
The value for near-neutral pH was determined to be log J3 = 1.01, for pH 10, 
log J3 = 24.49, and for pH 13.3, log J3 = 13.13. There are no constants 
available in the literature, but Zolotukhin found that the ratio of stability 
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constants of nickel to cobalt with gluconic acid was 25.2:1 in an ion-exchange 
study [87]. That ratio does not agree with those found in this study, or the 
literature values in the critical databases. 
6.1.2.1.4 Europium 
The value for near-neutral pH was determined to be log 13 = 2.82, for pH 10, 
log 13 = 24.19, and for pH 13.3, log 13 = 24.29. This suggests that the same 
complex is formed at pH 10 as at pH 13.3. The only constant available in the 
literature is for EuGI in neutral conditions, log 13 = 2.74 [69]. which is in good 
agreement with the value found in this study. Katzin [70] has suggested that 
complexing in this case takes place through the carboxylate and v-carbon 
using circular dichroic studies. 
6.1.2.1.5 Holmium 
The value for near-neutral pH was determined to be log 13 = 2.23, and for pH 
13.3, log 13 = 49.86. Kostromina [69] found the value for HoGI to be log 13 = 
2.42. 
6.1.2.1.6Iron(lI) 
The value for near-neutral pH was determined to be log 13 = 0.85, and for pH 
13.3, log 13 = 17.75. Panda [75] found the value for FeGI to be log 13 = -0.58 
at pH 3.4. The difference in value form this study is probably due to the 
different pH at which the constants were measured. 
6.1.2.1.7Iron(lII) 
The value for low pH was determined to be log 13 = 3.71, for near-neutral pH 
log 13 = 19.41, and for pH 13.3, log 13 = 37.87. lay measured log 13 (FeGI) = 
9.63 and log 13 (Fe2GI)= 19.08. Escandar measured MGI2+ (log 13 = 3.55), 
MGI+ (log 13 = 2.43), MGI (log 13 = -0.8), and MGr (log 13 = -5.18). Pecsok 
gives log 13 = 37.2 for FeGI(OH)4, which is a very similar value to the one 
obtained by this study, but for a slightly different stoichiometry, and Kaminski 
has (FeGIOH2. 13 = 5.5 e5), although none of these values have been 
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accepted in the critical databases. NIST gives a value of "FeGI = 3.1" whilst 
quoting the above references. 
6.1.2.1.8 Nickel 
The value for near-neutral pH was determined to be log 13 = 1.75 by the 
Schubert method and log 13 = 1.60 by polarography, as against a literature 
value of 1.82 [42]. At pH 10 log 13 was determined to be 11.38 and for pH 
13.3, log 13 = 30.42, 30.92 and 30.79 at the three different nickel 
concentrations used. This compares well with the literature value of 29.4 [42]. 
6.1.2.1.9 Uranium(IV) 
The value for low pH was determined to be log 13 = 5.8, for near-neutral pH log 
13 = 18.6, and for pH 13.3, log 13 = 49.9. 
6.1.2.1.10 Uranium(VI) 
The value for near-neutral pH was determined to be log 13 = 6.34, and for pH 
13.3, log 13 = 19.9. Sawyer [85] measured the constantfor the complex 
U0 2GI(OHh to be log 13 = 6.25. It may be that this is the same complex that 
was measured in this study. 
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Table 6S. Log 13 Values for Gluconate Complexes. 
Cation Low pH Near-Neutral pH pH 10 High pH 
3.81 ± 0.63 
Cd2+ 1.19 ± 0.12P 11.89 ± 0.66 14.24 ± 0.24 
1.151~ 
2.47 ± 0.76 43.91 ± 0.60 Ce3+ 2.361it N or 19.0 ± 0.82 39.61it 
Co<+ 1.01 ± 0.38 24.49 ± 1.39 13.13±0.81 
Eu3+ 2.82 ± 0.30 24.19 ± 0.51 24.29 ± 0.29 2.74'" 
H03+ 2.23 ± 0.39 49.86 ± 0.44 2.421it 
Fe'+ 0.85 ± 0.16 17.75 ± 0.92 
Fe3+ 3.71 ± 0.54 19.41 ± 0.45 37.87 ± 1.18 3.11~ 37.2'it 
1.75 ± 0.66 30.79 ± 0.76 
Ni2+ 1.60±0.18P 11.38 ± 0.25 30.92 ± 0.38 
1.82'~ 30.42 ± 0.21 29.4lit 
U4+ 5.8 ± 0.98s 18.6 ± 3.1s 49.9 ± 0.75s 
uol+ 6.34 ± 2.41 19.9 ± 2.0s 6.251it 
N = No results obtainable, see above, p = polarographic measurement, s = solubility product 
method, lit = literature. 
6.1.2.2 ISAComplexes 
The measured, and literature, values are shown in table 69 below. 
6.1.2.2.1 Cadmium 
The value for near-neutral pH was determined to be log 13 = 2.97. The value 
for pH 10 was determined to be log 13 = 11.76, and for pH 13.3, log 13 = 11.48, 
which strongly suggests that the same complex is present at both pH values. 
No literature values are available for comparison. 
6.1.2.2.2 Cerium 
The value for near-neutral pH was determined to be log 13 = 8.93, and for pH 
13.3, log 13 = 19.7. No literature values are available for comparison. 
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6.1.2.2.3 Cobalt 
The value for near-neutral pH was determined to be log 13 = 1.24, the value for 
pH 10 to be log 13 = 10.81, and for pH 13.3, log 13 = 12.40. No literature 
values are available for comparison. 
6.1.2.2.4 Europium 
The value for near-neutral pH was determined to be log 13 = 3.14, the value for 
pH 10 to be log 13 = 20.10, and for pH 13.3, log 13 = 22.80. The latter two have 
been determined to have the same stoichiometry and so there may be a 
difference in the structure and/or binding in the complexes to account for the 
slight difference in stability constants. 
6.1.2.2.5 Holmium 
The value for near-neutral pH was determined to be log 13 = 1.95, and for pH 
13.3, log 13 = 48.42. No literature values are available for comparison. 
6.1.2.2.6 Iron(lI) 
The value for near-neutral pH was determined to be log 13 = 0.89, the value for 
pH 10 to be log 13 = 12.59, and for pH 13.3, log 13 = 14.54. The latter two 
have been determined to have the same stoichiometry and so there may be a 
difference in the structure and/or binding in the complexes to account for the 
slight difference in stability constants. No literature values are available for 
comparison. 
6.1.2.2.7 Iron(lII) 
The value for low pH was determined to be log 13 = 4.75, for near-neutral pH 
log 13 = 12.35, and for pH 13.3, log 13 = 37.08. No literature values are 
available for comparison. 
6.1.2.2.8 Nickel 
The value for near-neutral pH was determined to be log 13 = 2.20 by the 
Schubert method and log 13 = 2.58 by polarography. At pH 10 log 13 = 11.45 
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and at pH 13.3, log J3 = 29.85. No literature values are available for 
comparison. 
6.1.2.2.9 Uranium(lV) 
The value for low pH was determined to be log J3 = 4.91, for near-neutral pH 
log J3 = 17.9, and for pH 13.3, log J3 = 47.7. This last value is exactly the 
same as the one derived from the Nirex data, see section 5.2 above. No 
literature values are available for comparison. 
6.1.2.2.10 Uranium(VI) 
The value for near-neutral pH was determined to be log J3 = 6.504, and for pH 
13.3, log J3 = 18.8. No literature values are available for comparison. 
Table 69. Log P Values for ISA Complexes. 
Cation Low pH Near-Neutral pH pH 10 High pH 
Cd2+ 2.97 ± 0.58 11.76 ± 1.12 11.48 ± 0.11 2.10 ± 0.25P 
CeJ + 8.93 ± 0.39 N 19.7 ± 0.7 
Co<+ 1.24±0.11 10.81 ± 1.23 12.40 ± 0.84 
EuJ + 3.14 ± 0.32 20.10 ± 0.28 22.80 ± 0.32 
HoJ+ 1.95 ± 0.30 48.42 ± 0.53 
Fe'+ 0.89 ± 0.29 12.59 ± 0.58 14.54 ± 0.24 
FeJ+ 4.75 ± 0.81 12.35 ± 1.08 37.08 ± 0.54 
Ni2+ 2.20 ± 0.36 11.45 ± 0.13 29.85 ± 0.89 2.58 ± 0.147P 
U4+ 4.91 ± 0.46s 17.9 ± 0.96s 47.7 ± 1.4
s 
47.7nx 
uol+ 6.50±2.17 18.8 ± 1.6" 
N = No results obtainable, see above, p = polarographic measurement, s = solubility product 
method, lit = literature, nx = value derived from Nirex data. 
6.1.2.3 Comparison of Gluconate and ISA Complexes 
As can be seen from table 70, the stability constants of the ISA and gluconate 
complexes of metals at the same pH are roughly similar, unless there is a 
difference in the stoichiometry e.g. cerium at near-neutral pH. Otherwise no 
clear pattern emerges. 
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Table 70. Comparison of the Stability Constants for ISA and Gluconic 
Acid 
Cation Ligand Near-Neutral j)H 10 High pH 
Cd2+ Gluconate 2.97 and 2.10 11.76 11.48 
ISA 3.81 and 1.19 11.89 14.24 
Ce3+ Gluconate 8.93 19.7 
ISA 2.47 43.91 or 19.0 
C02+ Gluconate 1.24 10.81 12.40 
ISA 1.01 24.49 13.13 
Eu3+ Gluconate 3.14 20.10 22.80 
ISA 2.82 24.19 24.29 
H03+ Gluconate 1.95 48.42 ISA 2.23 49.86 
Fe2+ Gluconate 0.89 12.59 14.54 
ISA 0.85 17.75 
Fe3+ Gluconate 12.35 37.08 
ISA 19.41 37.87 
Ni2+ Gluconate 2.20 and 2.58 11.45 29.85 
ISA 1.75 and 1.60 11.38 30.79, 30.92 and 30.42 
U4+ Gluconate 17.9 47.7 
ISA 18.6 49.9 
UO/+ Gluconate 6.50 18.8 ISA 6.34 19.9 
6.1.2.4 Comparison of Complexes of Divalent Cations 
Tables 71 and 72 show the stability constants of the divalent cations with ISA 
and gluconic acid respectively, and tables 73 and 74 their stoichiometries. 
With the exception of those complexes where there are two metal ions per 
complex (C02GI2(OHh, Ni2GI(OH)4, and Ni2ISA(OH)4) most constants are in 
the region of log \3 = 10 to 14 in alkaline conditions. Apart from uranium(Vl) 
which is a very different cation to the others, the only exception is iron(lI) 
gluconate at log \3 = 17.75. One possible explanation for this is the presence 
of four hydroxide ions in the complex, whereas the others contain only two. 
There is a definite tendency for the complexes of both ligands to contain two 
hydroxide ions per metal ion, especially so in the case of ISA. 
At near-neutral pH the complexes, apart from perhaps uranium(VI), can be 
assumed from their magnitudes to indicate salt formation. The value obtained 
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for nickel gluconate, for example, agrees with that of an already published 
value [42], and shows that the use of the Schubert method is valid for 
measuring the stability constant of the salts of such polyhydroxylated 
carboxylic acids. Van Duin et a/ [48] have postulated that this would have a 
bidentate coordination of the nickel by the a-hydroxy carboxylic acid moiety. 
At high pH, using Van Duin's scheme, it could be postulated that there has 
been ionisation of some of the hydroxy groups on the ligand and that 
coordination is by an ionised diol function. 
Table 70. Stability Constants of Divalent Cations with ISA 
Cation Near-Neutral pH pH 10 High pH 
Cd2+ 2.97 11.76 11.48 2.10 
Co<+ 1.24 10.81 12.40 
Fe<+ 0.89 12.59 14.54 
Ni2+ 2.20 11.45 29.85 2.58 
U02<+ 6.50 18.8 
Table 71. Stability Constants of Divalent Cations with 
Gluconate. 
Cation Near-Neutral pH pH 10 High pH 
Cd2+ 3.81 11.89 14.24 1.19 
Co<+ 1.01 24.49 13.13 
Fe<+ 0.85 17.75 
1.75 30.79 Ni2+ 11.38 30.92 1.60 30.42 
UO/+ 6.34 19.9 
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Table 72. Stoichiometry of Complexes of Divalent Cations with ISA. 
Cation Low pH Near-Neutral pH pH 10 High pH 
Cd<+ CdlSA CdISA(OHh CdISA(OH)z 
Co<+ ColSA CoISA(OH)2 CoISA(OH)z 
Fe'+ FelSA FeISA(OH)2 FeISA(OHh 
Ni'+ NilSA NilSA(OH)2 Ni2ISA(OH)4 
UO{+ U021SA U02ISA(OH)4 
Table 73. Stoichiometry of Complexes of Divalent Cations with 
Gluconate. 
Cation Near-Neutral pH pH 10 High pH 
Cd'+ CdGI CdGI(OH)z CdGI(OHh 
Co'+ CoG I C02GI2(OHh CoGI(OH)2 
Fe<+ FeGI FeGI(OH)4 
Ni2+ NiGI NiGI(OH)2 Ni2GI(OH)4 
U02'+ U02GI U02GI 
6.1.2.5 Comparison of Complexes of Trivalent Cations 
Tables 75 and 76 show the stability constants of the trivalent cations with ISA 
and gluconic acid respectively, and tables 77 and 78 their stoichiometries. 
There appears to be very little pattern to these results. There is nearly the 
same tendency to form bimetal complexes as monometal. The bimetal 
complexes have stability constants in the region of log 13 = 43 to 49. There 
seem to be more hydroxide ions in these complexes than in those of the 
divalent cations,with gluconate tending to have more than ISA. 
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Table 75. Stability Constants of Trivalent Cations with ISA. 
Cation Low p_H Near-Neutral pH _pH 10 High pH 
Ce~+ 8.93 19.7 
Eu~+ 3.14 20.10 22.80 
Ho~+ 1.95 48.42 
Fe~+ 4.75 12.35 37.08 
Table 76. Stability Constants of Trivalent Cations with Gluconate. 
Cation Low pH Near-Neutral pH pH 10 High pH 
Ce3+ 2.47 43.91 
or 19.0 
Eu~+ 2.82 24.19 24.29 
Ho'+ 2.23 49.86 
Fe~+ 3.71 19.41 37.87 
Table 77. Stoichiometry of Complexes of Trivalent Cations with ISA. 
Cation Low pH Near-Neutral pH pH 10 High pH 
Ce~+ CelSAOH CeISA(OHh 
Eu~+ EulSA EuISA(OHh EuISA(OHh 
Ho~+ HolSA Ho2ISA(OH)4 
Fe"+ FelSA FelSA FeISA(OH)2 
Table 78. Stoichiometry of Complexes of Trivalent Cations with 
Gluconate. 
Cation Low pH Near-Neutral pH pH 10 High pH 
CeGI(OHh or 
Ce3+ CeGI Ce2G1(OH)4 
Eu J + EuGI EuGI(OH)4 EuGI(OH)4 
Ho~+ HoGI H02G1(OH)6 
Fe"+ FeGI FeGIOH FeGI(OHh 
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6.1.2.6 Comparison of Complexes of Tetravalent Cations 
Tables 79 and 80 show the stability constants of the tetravalent cations with 
ISA and gluconic acid respectively. No stoichiometries are available for these 
cations. In general these ions form the complexes with the highest stability 
constants, particularly when compared to the monometal ones above. 
Table 79. Stability Constants of Tetravalent Cations with ISA. 
Cation Low pH Near-Neutral High pH pH 
U" 4.91 17.9 47.7 
Th'+ 36 
Pu4 + 44.7 
Table 80. Stability Constants of Tetravalent Cations with 
Gluconate. 
Cation Low pH Near-Neutral pH High pH 
U4 + 5.8 18.6 49.9 
6.1.3 Dissociation Constants 
Table 81 shows the data obtained from the measurement of the dissociation 
complexes formed by gluconic acid and ISA as well as some literature values. 
Table 81. Dissociation Constants of Complexes 
Cation Gluconic Acid ISA pKa 1 pKa 2 pKa 1 pKa2 
Cerium 6.15 8.03 
Cobalt 4.96" 3.37" 5.00 3.15 
Europium 5.85" 6.21" 5.34 
Holmium 5.7" 5.46" 5.27 
Nickel 4.54 
Where' = literature value 
The complexes formed at low pH are in general cationic. As the pH rises 
protons are lost, initially forming cations of lower charge and then neutral 
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species. Alkaline conditions favour the formation of anionic complexes due to 
further proton loss. It seems reasonable to suggest that the neutral species 
formed are those which are forming precipitates, whether in neutral or mildly 
alkaline conditions. 
Escandar [62) found little interaction between cobalt and gluconic acid in 
acidic conditions. The pKa values for the cobalt gluconate complex were 
found to be 4.96 and 8.33. The other literature values come from Kostromina 
[52). 
6.2 Future Work 
• Mixed metal-ISA complexes, particularly with calcium and actinides; 
• Continuation of the NMR investigations; 
• Analysis of the systems using an Ion-Interaction approach; 
• Predictions of other stability constants using STAB using a linear-free-
energy approach; 
• Molecular modelling of the complexes formed; 
• Development of the BSE equations in STAB to predict stability 
constants for similar complexes, using their pKas. 
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Summary 
Nickel reactions with gluconic acid (Gl) and u-isosaccharinic acid (ISA) have been 
investigated from pH 7 to pH 13.3. Measurement of the stoichiometries of the 
products of these reactions showed that NiGI and NiISA were formed at pH <7, 
Ni2GI(OH)3 and NbISA(OH)3 were formed at pH values between 7 and 10 and 
NbGI(OH)4 and NbISA(OH)4 were formed at pH > 1 O. The stability constants for the 
formation of the soluble complexes were measured using an ion exchange resin 
method (Schubert method) at pH 7 and 13.3, and differential pulse polarography at 
pH 7. The polarographic measurements were performed in order to check the 
validity of the Schubert method at pH 7. This was due to the possibility of any 
cationic complexes that may have been formed sorbing to the resin. The importance 
of determining the stoichiometry of the reactions before calculating the stability 
constants from measurements taken using the Schubert method is emphasised. 
1. Introduction 
In the UK, one option for the disposal of intermediate-level radioactive waste 
involves storage in a deep underground repository for a period oftime before a 
decision is made either to retrieve the waste, or to permanently dispose of it by 
backfilling the repository with Nirex Reference Backfill (NRVB) before final closure. 
NRVB is a mixture of calcium hydroxide, ordinary Portland cement, limestone flour 
and water [1]. The backfill will provide a high pH environment for at least one 
million years, abundant surfaces for sorption (due to high porosity), and low strength 
to facilitate retrievability of the waste [I]. The alkalinity greatly reduces the 
solubility of many inorganic toxic or hazardous species and inhibits most 
microbiological processes. After hydration in the repository the principal 
mineralogical components will be sodium, calcium and potassium hydroxides, 
calcium silicate hydrate (CSH) gels, calcium carbonate and hydrated calcium 
aluminates [I). 
In this option, after closure, the repository would become saturated with groundwater 
and highly alkaline pore water would develop, with an initial pH of around 13.4. The 
pH would decrease to 12.5 [2] as the groundwater flow dissolves, and subsequently 
removes, sodium and potassium hydroxides. Once the initial pore water has been 
replaced by ingressing groundwater, calcium hydroxide and CSH gels will dominate 
the chemistry. The mobilities of some radionuclides would be reduced because they 
exhibit limited solubility in highly alkaline cement pore water due to precipitation of 
oxides and hydroxides, and they would also sorb to cementitious surfaces. Also 
contained within the repository are many organic ligands, which are both inherent 
components of the waste and the result of the degradation of other species, 
particularly cellulose. 
Cellulose is a linear condensation polymer consisting of D-anhydroglucopyranose 
units linked by P-I ,4-glycosidic bonds. Under alkaline, anaerobic conditions at 
temperatures below about 170°C (i.e. the likely conditions in the near field) the main 
degradation mechanism is by a beta-alkoxycarbonyl elimination, which ruptures the 
1,4-glycosidic linkage, and takes place at the reducing group at the end of the chain. 
This is known as the peeling reaction. The reactive end of the cellulose chain is 
regenerated and a small water-soluble organic molecule is released which undergoes 
further reaction or rearrangement to give several possible products. If no other 
reactions occurred, cellulose would degrade completely by this reaction, however, 
there are competing reactions at the reducing end groups. Reactions which form end 
groups stable to alkaline attack (e.g. 3-deoxyhexonic acid units) are called stopping 
reactions. The short-term degradation of isolated cellulose chains in anaerobic, 
alkaline solution in the presence of calcium is determined principally by competition 
between the peeling and stopping reactions. A general scheme of the reaction 
mechanism is given below. 
Initiation a) 
b) 
Propagation c) 
Termination d) 
e) 
HGO(-GO)n-GOH <-+ HGO(-GO)n-GO· + H+ 
HGO(-GO)n-GO· -> HGO(-GO)n.l-GO- + products 
HGO(-GO)n_l-GO- -> HGO(-GO)n_2"GO- + products 
HGO- -> products 
HGO(-GO)n-GO- -> HGO(-GO)n - 3-deoxyhexonic acid 
residue 
where G = glucose unit. 
The peeling reaction is (b) with (c), (e) is the stopping reaction. This mechanism also 
accounts for chain termination by complete unzipping of the chain, (d) [3]. Cellulose 
chains that have undergone the stopping reaction may not resist alkaline degradation 
over the long timescales used in repository performance assessments. Mid-chain 
scission has only been observed at high temperatures, but reactions might take place 
at lower temperatures at a slow rate. The alkaline aerobic chemical degradation of 
cellulose has been shown to produce a range of hydroxy carboxylic acids [4]. In work 
for NIREX [5], some degradations were carried out at 80°C under anaerobic 
conditions for 30 days, in the presence ofNRVB, to provide leachates containing 
mixtures of degradation products. The degradations did not go to completion, and 
other work [6] has indicated that, in similar degradation experiments, about 6% of the 
mass of cellulose degraded over four months. 65-88% of the total acid released on 
degradation were the erythro and threo isomers of2-C-(hydroxymethyl)-3-deoxy-D-
pentonic (isosaccharinic) acid (ISA). A higher proportion of this is formed from 
degradations in the presence of calcium ions than in the presence of sodium ions (20 
to 30%) [7]. 
It has been shown that the presence of cellulose degradation products, particularly u-
isosaccharinic acid, can substantially increase the solubility of radionuclides [8 to 11] 
and, therefore, for performance assessment purposes it is necessary to determine 
stability constants for complexes formed between ISA and radionuclides of 
importance [12]. Some conditional stability constants with ISA have been reported in 
the literature e.g. Th and Eu [13], but there is a need for a fuller database. This paper 
adds results for a divalent cation to the database. 
This paper reports the measurement of the extent of interaction between nickel, one of 
the radionuclides of concern in the safety assessment [12], and two polyhydroxylated 
ligands, gluconic acid and a-ISA, from pH 7 to pH 13.3. Gluconic acid was chosen 
because, (i) its structure is similar to ISA, (ii) it is readily obtained at high purity, and 
(iii) the stoichiometry and stability constant for the nickel-gluconic acid complex have 
been reported, which is useful for method testing when determining Ni-ISA constants 
[14]. The rationale behind the method testing is to show that the Schubert method is 
valid in circumstances where there is a mixed complex formed between metal, ligand 
and hydroxide, and also, due to the high pH, when there is considerable formation of 
hydrolysis products of the metal. 
An ion-exchange technique based on the Schubert approach is frequently used to 
determine constants for radioactive tracers. Stability constants calculated from 
measurements obtained using the Schubert method have usually assumed that the 
complex contains one metal ion, and is of the form MLz [16 to 18]. For different 
stoichiometries such as MnLz or MnLzCOH)y, different algebraic expressions must be 
used. Another method of interpretation of Schubert results has been to use curve-
fitting software to estimate stability constants. Unfortunately, as can be seen below, it 
is possible to fit curves for many different stoichiometries through the same set of 
data points. This leads to many different possible values for the stability constants. 
Therefore, the authors believe it to be essential to use separate techniques to elucidate 
the stoichiometry before determining the stability constant of the complex being 
measured. 
The stoichiometries of the complexes formed have been determined using the 
approach of Joyce and Pickering [19], based on Bjerrum plots, conductometric 
titrations and spectrophotometry. Bjerrum plots give the ratios of nickel to hydroxide 
ion in the various complexes formed. They also provide the information required to 
perform appropriate conductometric titrations. These titrations determine the ratio of 
nickel to ligand in the complexes and confirm the nickel hydroxide ratio obtained 
from the Bjerrum plots. Further information on the ratio of nickel to ligand and 
hydroxide in the complexes is provided by spectrophotometric methods, i.e. Job's 
method of continuous variations and the mole ratio method. 
The stability constant measurements were conducted at pH 7 by ion exchange and 
polarography, and at pH 13.3 by ion exchange alone. 
Stability constant derivation 
The stability constant of a binary complex formed between a metal (M) and ligand (L) 
is given by (some charges omitted): 
~ = [MnLz] (i) 
[Mxjn [L]z 
In the Schubert approach, the metal concentration is determined in solution in the 
absence and presence of cation exchange resin. The ligand concentration is in large 
excess so the equilibrium free ligand concentration is assumed to be equal to the 
initial ligand concentration. The distribution constant (D) which describes the 
distribution of metal between resin [Mres] and solution phase [Mso1], in the presence of 
ligand, is: 
0= [Mres] 
[Msol] 
0= [Mres] 
[MXj + [MnLz] + [MOH(x.I)+] + [M(OH)2(X-2~ + ... 
0= [Mres] 
[MXj{A + ~[Mxjn-I[L]z} 
(ii) 
Where A = 1 + ~1(01l)[OR]+~2(01l)[OH-f+ ... as discussed by Maes et al. [18]. 
The distribution (Do ) of metal between solution phase and resin in the absence of 
ligand is: 
(iii) 
The above equations may be used to produce expressions for stability constants. 
However, a knowledge of the stoichiometry of the complex is a pre-requisite if n > I. 
When n = I combination of equations (ii) and (iii) leads to the well known Schubert 
expressIOn: 
~ = ~ -~ A lD j [L]Z 
(iv) 
Or in the logarithmic form [18]: 
IOg[~o - ~ A = log ~ + z log [L] (v) 
However, if for example n=2 a different expression is obtained. In this case: 
D = [Mres] 
[Mx+]{A + ~[MXl[L]Z} 
From which it can be shown that: 
[MXl = rDo -1 J ~ 
~ ~[L]' 
In practice it is Mso), i.e. the metal concentration in the solution phase, that is 
measured in the Schubert method and in this case the expression for this is: 
(vi) 
(vii) 
Substitution of (vi) into (vii) and rearrangement leads to a new expression for ~ 
involving [Msol], i.e. 
(viii) 
If mixed complexes of the type MnLz(OH)y are obtained the stability constant is given 
by: 
(ix) 
This equation implies that ~ may be dependent on Msol and, therefore, the 
concentration of nickel used in the experiment. Hence, it was decided to repeat the 
original gluconate experiments at concentrations of nickel one (5.48 x 10-8 mol dm-3) 
and two orders of magnitude (5.32 x 10-7 mol dm-3) higher than those used in the 
original measurements (5.5 x 10-9 mol dm·\ 
2. Experimental 
Deionised water produced by a Bamstead NANOpure ultrapure water purification 
system and AR reagents were used throughout. Sodium ISA and ISA lactone were 
prepared using the procedure described by Whistler and BeMiller [20]. Gluconic 
acid lactone and sodium gluconate were purchased from Aldrich. 63Ni was purchased 
from Amersham. The resin used in the Schubert method was BioRad SOW-X2 cation 
exchange resin. pH was measured using an Orion 720A glass electrode. The 
electrode was calibrated using an Aldrich volumetric standard sodium hydroxide 
solution. Spectrophotometric transmissions, or absorbances, were measured using 1 
cm silica cells in a Phi lips PU8730 UV!Vis spectrophotometer. A Jenway 4310 meter 
was used to measure conductivity. Differential pulse polarograms were measured on 
a S7SV A Computrace Metrohm polarograph with a dropping mercury electrode. 63Ni 
was counted by liquid scintillation counting in a Canberra Packard TRl-Carb 
27S0TRILL, using Ecoscint cocktail. Spectrophotometric, conductometric and 
Bjerrum plot experiments were performed to determine the stoichiometry of the 
complexes formed, and hence the correct algebraic expression to be used in 
calculating the stability constants from measurements made using the Schubert 
method. 
2.1 Measurement of stoichiometry 
2.1.1 Bjerrumplots [16] 
Varying amounts of sodium hydroxide (0.1 mol dm·3) were added to a mixture of 
nickel chloride (0.01 mol dm-3) and sodium gluconate (0.01 mol dm·3) to produce 
solutions containing nickel to hydroxide ion ratios from 0 to 4. The ionic strength of 
each solution was adjusted to I = 0.1 mol dm-3 by the addition of potassium nitrate. 
After 14 days at 25 C, the pH was measured and plotted against the nickel to 
hydroxide ion ratio. The experiments were then repeated with sodium ISA in 
solution. The data obtained from the Bjerrum plots was used to calculate the 
concentrations to be used in the conductometric titrations, following the method of 
Joyce and Pickering [19]. 
2.1.2 Conductometric titrations 
Four titrations were performed for each ligand. In type A, 1 cm3 aliquots of nickel 
chloride (0.1 mol dm·3) were added to 20 cm3 of 0.1 mol dm·3 sodium gluconate and 
the conductance of the solution measured after each addition. In type B, excess 
sodium gluconate (60 cm3, 0.1 mol dm-3) was added to 40 cm3 of sodium hydroxide 
(0.1 mol dm-3) and titrated with 1 cm3 aliquots of nickel chloride (0.1 mol dm-\ In 
type C, 10 cm3 of sodium gluconate (0.1 mol dm-3) was titrated with I cm3 aliquots of 
nickel chloride (0.1 mol dm-3) and 1 cm3 a1iquots of sodium hydroxide (0.15 mol dm-
3) simultaneously. The ratio of nickel to hydroxide ion used in this titration was that 
obtained from the Bjerrum plot for the mid pH complex. In type D, 10 cm3 of sodium 
gluconate (0.1 mol dm·3) was titrated with 1 cm3 aliquots of nickel chloride (0.1 mol 
dm·3) and 1 cm3 a1iquots of sodium hydroxide (0.2 mol dm-3) simultaneously. The 
ratio of nickel to hydroxide ion used in this titration was that obtained from the 
Bjerrum plot for the high pH complex. After correcting for dilution the results were 
expressed graphically. The titrations were then repeated using sodium ISA. 
2.1.3 Spectrophotometric studies 
Three types of spectrophotometric studies were performed, (i) scans of the spectral 
transmission curves, (ii) Job's method of continuous variations and (iii) the mole ratio 
method. 
2.1.3.1 Spectral transmission curves 
The spectral transmission curves were recorded, from 320 to 950 nm, for solutions 
containing 0.1 mol dm-3 nickel chloride, I mol dm-3 gluconic acid and varying 
amounts of sodium hydroxide. Selected wavelengths, at which the complexes 
absorbed, (370, 393, 640 and 715 nm) were then used in Job's method of continuous 
variations, and in the mole ratio method. 
2.1.3.2 Job's method of continuous variations [16] 
At pH 7, twelve solutions were prepared containing nickel chloride from 0 to 0.05 
mol dm-3 and sodium gluconate or ISA from 0.05 to 0 mol dm-3 respectively. These 
were allowed to equilibrate for one week before the absorbances were measured at the 
selected wavelengths. A graph was then plotted of absorbance against the mole 
fraction of nickel. In the high pH experiments the same concentrations of nickel and 
ligand were used in 0.1 mol dm-3 sodium hydroxide. 
2.1.3.3 Mole ratio method [16] 
Solutions containing 0.01 mol dm-3 nickel chloride, varying amounts of 0.01 mol dm-3 
sodium gluconate or ISA, and varying amounts of 0.01 mol dm-3 potassium nitrate to 
provide a constant ionic strength, were adjusted to pH 7 and allowed to equilibrate for 
a week. The absorbance of each solution was then recorded at the selected 
wavelengths. The absorbances of a set of solutions containing varying amounts of 
0.01 mol dm-3 nickel chloride, with equal amounts of 0.01 mol dm-3 sodium gluconate 
were also recorded. The ratio of nickel to hydroxide ion was varied using 0.01 mol 
dm-3 sodium hydroxide solution, and 0.1 mol dm-3 potassium nitrate was added to 
provide a constant ionic strength. After allowing each solution to stand for seven 
days, the absorbances of each solution were recorded at the selected wavelengths. 
2.2 Measurement of stability constants 
2.2.1 The Schubert method 
All measurements were made at 25 C. The sorption experiments were performed in 
20 cm3 polypropylene vials containing 1000 mg of resin. Each datum point was 
measured with five replicates. 15 cm3 aliquots ofISA or gluconate solution, adjusted 
to the required pH with sodium hydroxide, were spiked with 6~i giving a nickel 
concentration of 5.5 x 10-9 mol dm-3, and equilibrated in a shaker bath for 72 hours. 
One set of vials had no resin, in order to determine whether nickel sorbed to the vial 
walls. I cm3 of supematant liquid was withdrawn, through a 0.45 IJ.Ill filter, and the 
activity of the 63Ni was measured by liquid scintillation counting. Experiments were 
performed on the nickel-gluconate and nickel-ISA systems at pH values of7 and 13.3. 
2.2.2 Polarographic studies 
Differential pulse polarograms (DPP) were recorded of millimolar solutions of nickel 
chloride dissolved in a large excess of sodium gluconate (0.05 mol dm·3) and sodium 
ISA (0.05 mol dm·3) with potassium chloride (0.1 mol dm-3) as a base solution. The 
solutions were sparged with nitrogen for 10 minutes to remove dissolved oxygen and 
the polarograms were recorded from -0.5 to -1.3 V. A calibration curve for free 
nickel was plotted. Polarographic measurements at high pH were not possible 
because of the absence of free cations above pH 9. 
3. Results and Discussion 
3.1 Measurement o/stoichiometry 
Three observations were made for both the nickel gluconate and nickel ISA 
complexes as the pH increased. At near-neutral pH soluble green species were 
formed. As the pH was raised green precipitates were produced which then became 
soluble again at high pH. 
3.1.1 Bjerrum plots 
The precipitate formed in mildly alkaline solutions contained a nickel to hydroxyl 
ratio of2:3 as shown by the inflexion point at a ratio of 1.5:1 in the Bjerrum plots, 
(Fig. 1 ). The nickel species present at high pH, contained nickel to hydroxyl ratios of 
1:2 as shown by the inflexions at a ratio of 2: 1 in the Bjerrum plots, (Fig. I ). 
3.1.2 Conductometric litrations 
Conductometric titrations show an inflection point at the stoichiometry of the 
complex being measured. In the first part of the curve the added nickel is reacting 
with the ligand, forming the complex, which causes a change in the conductivity of 
the solution. After the complex has been fully formed, the added nickel remains free 
in solution, and causes a different rate of change in the conductivity. At near-neutral 
pH, the ratio of nickel to ligand was 1: 1 for both gluconate and ISA, as is shown by 
the inflexion at 20 cm3 of added nickel in curve A in figures 2 and 3. Between pH 7.2 
and 9.6 for gluconate, and pH 7.0 and 10.2 for ISA, a gelatinous green precipitate was 
formed. The nickel to ligand ratio in these solids was shown to be 2: 1 by the change 
in gradient at 20 cm3 of nickel added on curve C in figures 2 and 3. In strongly 
alkaline conditions both the gluconate and ISA complexes became soluble again. The 
ratio of nickel to ligand in both complexes was shown to be 2: I which was 
determined from curve D in figures 2 and 3. Curve B in both figures showed that the 
ratio of nickel to hydroxide was 1:2 in both complexes formed at high pH, which 
confirmed the findings from the Bjerrurn plot. See section 2.1.2 above, for details 
3.1.3 Spectrophotometric studies 
3.1.3.1 Spectral transmission curves 
Spectral scans of the systems were made, and after allocation of peaks to nickel and 
its hydrolysis products it was determined that the complexes showed absorbance 
peaks at 370, 393, 640 and 715 nm. Absorbances at these wavelengths were used for 
the determination of stoichiometries by Job's method and the mole ratio method. 
3.1.3.2 Job's method of continuous variations 
Job's method of continuous variations shows a peak in the curve, or an inflexion point 
if there is precipitation, at the point where the quantities of substances added is 
equivalent to the stoichiometry of the complex formed. At near-neutral pH the ratio 
of nickel to ligand was 1: 1 for both gluconate and ISA (Fig.4). The maxima at 66% 
nickel in the continuous variations method when performed at pH 13.3, showed that 
the ratio of nickel to ligand in these complexes was 2:1 (Fig.4.) 
3.1.3.3 Mole ratio method 
At near-neutral pH the ratio of nickel to ligand was 1: 1 for both gluconate and ISA 
(Fig.5). The precipitate formed in mildly alkaline solutions contained a nickel to 
hydroxyl ratio of2:3. This was shown by the minimum at a mole ratio of 0.4 (see 
Fig.6). The maxima at a nickel percentage of 33% (Fig.6) showed a nickel to 
hydroxide ratio of 1 :2 for both the gluconate and ISA complexes that are formed at 
very high pH. 
3.1.3.4 Stoichiometric data 
Table 1 shows a summary of the results of the stoichiometry measurements. The 
values measured for nickel gluconate complexes agree with those published by Joyce 
and Pickering. Nickel ISA complexes have the same stoichiometry as nickel 
gluconate complexes, which demonstrates that ISA is behaving in a similar manner to 
Gluconic acid. 
3.2 Measurement of stability constants 
3.2.1 Ion-exchange method 
The logarithms of the distributions (D) of nickel between the resin and the solution 
were determined at pH 7 and pH 13.3 and these are shown in figures 7 to 10. 
3.2.1.1 Nickel gluconate and nickel ISA at pH 7 
. The stoichiometries of nickel gluconate and nickel lSA complexes were determined 
as I: I so the algebraic expression used for calculating ~ was: 
~=lno-~A 
tp J [L] 
The derived values were log ~ = 1.75 ± 0.66 and 2.20 ± 0.36 for nickel gluconate and 
nickel ISA respectively. The sizes of these stability constants indicate salt formation 
at pH 7. The value for gluconic acid agrees with that of an already published value 
[14], and shows that the use of the Schubert method is valid for measuring the 
stability constant of the salts of such polyhydroxylated carboxylic acids. Van Duin et 
al [15] have postulated that this would have a bidentate coordination of the nickel by 
the a-hydroxy carboxylic acid moiety. 
3.2.1.2 Nickel gluconate and nickellSA at pH 13.3 
At pH = 13.3, the stoichiometries of nickel gluconate and nickel ISA complexes were 
determined to be NhGl(OH)4 and NhISA(OH)4 respectively. Using 
~= 
the derived values for nickel gluconate were log ~ = 30.79 ± 0.76 at a nickel 
concentration of 5.5 x 10-9 mol dm-3, 30.92 ± 0.38 at a nickel concentration of 5.5 x 
10-9 mol dm-3 and 30.42 ± 0.21 at a nickel concentration of5.5 x 10-9 mol dm-3• The 
fact that these values are the same shows that the stoichiometry of the complexes 
formed does not change over the concentration range of nickel used in these 
experiments. Therefore, the use of a single algebraic expression to calculate the 
stability constant is acceptable. The derived value for nickel ISA was 29.85 ± 0.89. 
Using Van Duin's scheme it could be postulated that there has been ionisation of 
some of the hydroxy groups on the ligand and that coordination is by an ionised diol 
function [15]. 
3.2.1.3 Using different algebraic expressions for calculating f3 from measurements 
taken using the Schubert method 
The importance of detennining the stoichiometry of the complexes before using the 
appropriate algebraic expression to calculate 13 can be seen from table 2. The values 
are calculated from Schubert measurements using different assumed stoichiometries 
and, therefore, different algebraic expressions. The authors maintain that 
independent experiments must be perfonned in order to detennine the stoichiometry 
of the complex before calculating the stability constant. If curve fitting methods are 
used for the detennination of the stability constants, then the use of any stoichiometry 
produces a curve which fits the experimental data. One indication of the 
stoichiometry of the complex is the gradient of the orthodox Schubert plot. This 
should be unity for a one-to-one complex or an integer for the MLr. type. However, a 
non-integer slope is an indication of a more complex stoichiometry. The plot for 
nickel ISA has a slope of 0.44. The ideal situation would be to measure the 
stoichiometry at the same concentration at which the stability constant measurements 
are carried out. In this paper the difference is six orders of magnitude which 
compares well with the nine orders of magnitude difference used in the 
measurements of the constants for thorium and europium ISA [13]. 
3.2.2 Polarographic studies 
3.2.2.1 Nickel gluconate and nickel ISA 
Polarographic measurements at pH = 7, gave log 13 values of 1.60 ± 0.09 and 2.58 ± 
0.07 for nickel gluconate and nickel ISA respectively. This values show that the 
Schubert method measurements were valid at this pH. 
4. Conclusions 
The work reported here has emphasised the need for detennining the stoichiometry of 
a complex before calculation of the stability constants from measurements taken using 
the Schubert method. The measured stoichiometries show that the reactions of nickel 
with gluconic acid and nickel with ISA depend on pH and are different at pH 7 and at 
pH 13.3. The stability constants are summarised in table 3. The measured stability 
constants using the Schubert method for nickel gluconate at pH 7 and 13.3 are in 
agreement with published values [14] which indicates that the method used for the 
measurement of the nickel-IS A stability constants is acceptable. This is despite some 
suggestions that the Schubert method is not sensitive for metals with a large tendency 
to hydrolyse. The constants remain conditional until the pKa values for the hydroxy 
groups on the polyhydroxylated ligands are determined. 
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Tables 
Nickel Gluconate NickellSA 
<pH 7.2 pH 7.2 to >pH 9.6 <pH 7.0 pH 7.0 to > pH 10.2 
9.6 10.2 
Job's method Ni:G1- 1:1 Ni:GI-2:1 Ni:ISA - 1:1 Ni:ISA -2:1 
Mole ratio Ni:GI I: 1 Ni:OH-2:3 Ni:OII - 1:2 Ni:ISA-I:I Ni:OH-2:3 Ni:OH - 1:2 
method 
Bjenum plot Ni:OH-2:3 Ni:OH - 1:2 Ni:OH-2:3 Ni:OH - 1:2 
Conductometric Ni:GI-I:I Ni:GI- 2:1 Ni:GI- 2:1 Ni:ISA - 1:1 Ni:ISA - 2:1 Ni:ISA - 2:1 
titrations Ni:OH ~ 1:2 Ni:OH~ 1:2 
Stoichiome\ri' NiGI Ni,GI(OH), Ni,GI(OH), NilSA Ni,ISA{OH)3 Ni,ISA(OH), 
Table I. Stoichiometric data for nickel gluconate and nickel ISA. 
ML M2L M 2L(OH)4 
Nickel Gluconate 14.5 28.40 31.39 
NickellSA 10.5 27.90 29.85 
Table 2. Schubert data interpreted using different algebraic expressions to calculate f3 for the 
complex formed at high pH. 
Nickel Gluconate NickellSA 
< pH 7.2 > jJH 9.6 <pH 7.0 > pH 10.2 
Algebraic '~&~ expression '~-~ A'~ ~-l A'Do ~o-] used ~ ~ [Niwl][G1][OH)' D D ~ ~ [Niwl][GI][OH)' D D D [L) 
Schubert 1.75 ± 0.66 31.39 ± 0.76 2.20 ± 0.36 29.85 ± 0.89 
method log ~ 
JI ~ 0.3) 
Polarography 1.60 ± 0.09 2.58 ± 0.07 
Literature 1.82 [8] 29.4 [8] 
value 
Table 3. Stability constant data for nickel gluconate and nickel ISA. 


